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INTEGUMENTARY COLOR CHANGES IN THE
NEWLY-BORN DOGFISH, MUSTELUS CANIS

G. H. PARKER

(From the Biological Laboratories, Harvard University)

INTRODUCTION

It is well-known that the integumentary melanophores of the lower

vertebrates are functionally active at a very early stage. These color-

cells become responsive at about the time young fishes hatch from

their eggs. This is true of Fundulus, according to Bancroft (1912),

Spaeth (1913), and Gilson (1926) and of Coregonus and of two species

of Salmo according to Becher (1929). At this stage the melanophores

begin to disperse or concentrate their pigment, thus giving to the

young fish a dark or a light tint. Although the beginnings of larval

life may be said thus to mark the period of the first color changes,

Becher noted that the embryos of fishes on which he worked when

artificially removed from their egg-shells would often show color

changes. This demonstrated that melanophore activity is possible

at least under experimental conditions earlier than the time of hatching.

Such a view was also taken by Duspiva (1931), who worked upon two

fishes, Salmo salvelinus and Percafluviatilis. In Perca the first integu-

mentary melanin appears five days after the eggs have been fertilized.

Duspiva saw melanophore responses three days later or about eight

days after fertilization. He believed, however, that responses may
have occurred still earlier. As the young larvse of Perca hatch from

the eggs about ten days after fertilization, the first melanophore

responses in this fish must occur in what is obviously its embryonic

period. From all his observations Duspiva was led to conclude that

melanophores probably become active as soon as their processes are

developed and their melanin formed. Such a view, which appears to

be fairly well supported, places the initiation of melanophore activity

in fishes at a very early stage, not later than about the time of hatching
and probably in some species somewhat earlier.

The first responses of melanophores in lower vertebrates were

shown by Babak (1910) to be quite unlike those of later life. In the

1
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very young larva? of the Mexican axolotl about 1.5 cm. long, when the

first color changes had begun, the following conditions were found by
Babak. In complete darkness the young animals were pale and in

bright light they were dark. \Yhen they had attained a length of

about 5 cm. their reactions in these respects were almost reversed.

At this later stage they were in complete darkness dark and in bright

light either pale or dark depending upon their surroundings. This

second stage of their melanophore responses persisted until maturity
when they became dark and remained permanently so, having lost

their capacity to change. The early larval condition may be called

the primary phase, the succeeding one the secondary phase. If a

larva in the secondary phase is blinded, it was found by Babak to

revert to the primary phase in that it would be pale in darkness and

dark in bright light. A young larva in the primary phase when de-

prived of its eyes remained unchanged and was responsive in the same

way as it had been before the operation. From these tests Babak
concluded that what has been called here the primary phase was

dependent upon the direct stimulation of the larval melanophores by
light or its absence and that the secondary phase resulted from their

indirect stimulation through the eyes of the larva. These conclusions

were supported in one way or another by Pernitzsch's work (1913) on

axolotl, by Hooker's work (1914) on Rana pipiens, and especially by
an extended series of contributions from Laurens (1914, 1915, 1916,

1917) on the larvae of several species of Amblystoma. Babak's views

also received confirmation from the work of Fischel (1920) on various

amphibians and especially from that of Duspiva (1931) on the two
fishes already mentioned, Salmo salvelinus and Perca fluviatilis.

The references thus far cited pertain exclusively to oviparous
fishes and amphibians. I know of only one writer who has recorded

notes on the melanophore system of ovoviviparous vertebrates. In

his paper on the genesis of chromatophores in fishes Eigenmann (1891)

refers very briefly to the condition in the young of the ovoviviparous
rockfish, Sebastodes, an embryo of which is figured by him. This

small fish, when about to escape from the ovarian apparatus of the

mother, is said by this author to have a very fully formed melanophore

system whose functional possibilities, however, are not reported.

Aside from this very meagre reference I know of no other on the

melanophores in ovoviviparous vertebrates. It is therefore of interest

to look into the condition of the newly-born pups of the smooth dogfish,

Mustehis canis (Mitchill). This fish with its young can be had from

time to time in the early summer at the Marine Biological Laboratory,
Woods Hole, and I am under obligations to this Laboratory for the



COLOR CHANGES IN NEWLY-BORN DOGFISH

material on which the following observations were made. I am also

indebted to the Woods Hole Oceanographic Institution for the use of

their equipment in working on these fishes. My studies were made
under a grant given me from the Milton Fund of Harvard University

for the investigation of color changes in marine animals. To the

administrators of this Fund I wish to express my sincere thanks for the

aid generously extended to me.

OBSERVATIONS

The smooth dogfish of the New England coast releases its young,
four to a dozen or more at a time, in early summer. The following

observations were made either on young dogfishes born in the labora-

tory tanks or on individuals removed from the females by what may
be called a Csesarean operation. After the envelopes and umbilical

vessels of these young fishes had been severed they could be removed

and carried gently to the sea-water tanks. During this procedure

they were as a rule perfectly passive. After they had been immersed

in the sea water of the tank for a fraction of a minute or so, normal

respiratory gill movements began and at about the same time swim-

ming was initiated. Such newly-born fishes swam for a short time

with somewhat unsteady equilibrium, but they soon gained in steadi-

ness and mingled with others of their kind in the tank. At the time

of these tests in June the young fishes were about 25 cm. in length,

the largest measuring 33 cm.

A young dogfish when first taken from the uterus of the female, a

dark situation, is slightly dark in tint. This indicates that the young
fish is in what has been called in this paper the secondary phase of

melanophore activity, that is, the phase in which the fish is dark in

darkness and pale or dark in the light according to the environment.

Whether the dogfish passes through an earlier primary phase while

it is still in the uterus of the mother is unknown. More likely this stage

has been omitted in this fish as it appears to have been in the amphib-
ians Bombinator and Hyla (Babak, 1910) and in the fish Fundulus

(Bancroft, 1912; Spaeth, 1913; WT

yman, 1924; Gilson, 1926).

Newly-born dogfishes respond in tint very quickly to that of their

environment. On June 4 seven dogfishes were born in one of the

experimental tanks. Five hours after their birth four were put in a

white-walled, illuminated tank and three in a similar black-walled one.

Two hours later those in the black-walled tank were extremely dark

and those in the white-walled one decidedly light (Fig. 2). Prepara-
tions were made of the skin from an individual in each of these sets

and microscopic views of the two preparations are shown in Figs. 3 and
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4. As might be expiated, the melanin in the color-cells from the pale

dogfish is concentrated (Fig. 3), that from the dark one is dispersed

(Fig. 4). On the following day the pale fishes were put into the black-

walled tank and the dark ones into the white-walled one. Within two

hours the fishes had reversed their tints, the pale ones having become

dark and the dark ones pale.

In a second litter of dogfishes obtained by Caesarean operation

three were put immediately after their removal from the uterus into

a black-walled illuminated tank and three into a white-walled one.

The three fishes destined for the black tank were put into it at 9:17

in the morning. By 9 :55 they had increased their dark tint. At 10 :30

they were dark but not fully so, and at 10:50 they were fully dark.

The three dogfishes intended for the white tank were put into it at

9:20 in the morning. By 9:55 they had lightened considerably but

were still somewhat dark. By 10:30 they were fully blanched as

compared with other young dogfishes used as checks. From these

two sets of tests it is fair to conclude that specimens of Mustelus

immediately after birth are capable of responding to the tint of their

environment by appropriate melanophore reactions. In these re-

sponses they were quite like adults of their own species.

In another respect the young dogfishes also resembled adults.

It has already been shown (Parker and Porter, 1934) that when a small

transverse cut is made in the fin of a relatively dark Mustelus a. pale

band is soon formed extending from the cut toward the free edge of the

fin. This band is believed to result from an excessive stimulation of

the concentrating melanophoric nerve-fibers cut by the operation.

Similar conditions obtain in the newly-born dogfishes. The pectoral

fins of two such fishes were cut as described and 25 minutes after the

operation both fishes had well-developed pectoral bands. One of these

fishes was killed and a preparation of its pectoral fin was made. A
photograph of this fin is reproduced in Fig. 1 and shows the typical

pectoral bands.

EXPLANATION OF PLATE

FIG. 1. Dorsal view of the left pectoral fin of a newly-horn Miistclus canis.

Two small cuts transverse to the fin rays have been made, the anterior one nearer the

root of the fin, the posterior one nearer its lateral edge. A pale band extends from

near each cut to the light edge of the fin.

FIG. 2. Dorsal views of two newly-born Mustelus canis, the upper one in the

dark condition, the lower one in the light condition. Preparations preserved in

formaldehyde-alcohol.
FIG. 3. Microscopic view of the melanophores on the dorsal surface of the

pectoral fin of a Mustelus canis in the light condition, melanin concentrated.

FIG. 4. A view similar to that shown in Fig. 3 of the fin of Mustelus canis in

the dark condition, melanin dispersed.
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In a third respect newly-born dogfishes resemble adults. They
respond in the same way to adrenalin and to pituitrin (Parke, Davis

and Company's preparations) as the mature dogfishes do (Lundstrom
and Bard, 19,32). If 0.2 cc. of a solution of adrenalin, one part in a

thousand of water, is injected into a young dogfish of moderately dark

tint, the animal will begin to blanch in about ten minutes and shortly

after that it will assume a tint of extreme paleness. After two to three

hours the young fish will reassume its darker tone. In a similar way
an injection of 0.2 cc. of obstetrical pituitrin into a pale dogfish will

induce its slow darkening. This change also passes away in about two

hours after which the young dogfish will return to its former state.

In both these respects the newly-born fishes resemble the adult.

These records show quite clearly that a young Mustelus immediately
after birth possesses an active melanophore system whose reactions in

a number of significant ways agree very fully with those of the adults.

These ovoviviparous dogfishes then begin life in what has been called

the secondary phase of melanophore activity. On the loss of their

eyes they should lapse, according to the general theory of these rela-

tions, to the condition of the primary phase. Unfortunately my
material was not sufficiently abundant to allow this test to be made.

SUMMARY

1. Mustelus canis is an ovoviviparous dogfish in which the young
are born with a body length up to 33 cm.

2. At birth the young dogfishes are of a moderately dark melano-

phoric tint. This is doubtless the influence of the maternal body within

which they have been lodged.

3. Immediately after birth these young dogfishes respond to their

environment in that they change light or dark, conditions brought on

by a concentration or a dispersion of their melanophore pigment.
4. Pale bands can be produced on the fins of newly-born Mustelus

by cutting their nerves, as can be done with the adults.

5. A young Mustelus responds to injections of adrenalin by blanch-

ing and to pituitrin by darkening as adults do.

6. A newly-born Mustelus shows no evidence of the primary phase
of color change seen in some other fishes and in some amphibians. It

appears to omit this phase in its ontogeny and is born with a melano-

phore system that responds in the same way as this system does in the

adults.
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LIGHT INTENSITY AM) M I.I.AM >I'I K )RK RESPONSE
IN THE MINNOW, ERICYMBA

BUCCATA COPE

F. A. BROWN, JR.

(From the Zoological Laboratory of the University of Illinois')
l

Although every investigator of chromatic response in animals is

well aware that light intensity has a profound effect upon the coloration

of animals, this knowledge is at most qualitative and is in general

restricted to the effects of the presence or absence of light. Fishes

become pale in darkness as a rule while in light the response is governed

by the color of the background. Considering that many animals with

responsive pigmentary systems are normally accustomed to live at

relatively low intensities of light, it was believed of significant value

to investigate the behavior of fish from this viewpoint, and perhaps to

derive simultaneously more information in regard to the sensitivity of

the photoreceptors and the manner in which they function to produce

adaptive color changes. In this latter regard Keeble and Gamble

(1904), Bauer (1905), Sumner (1911), von Frisch (1911), Sumner and

Keys (1929), Pearson (1930), and Sumner (1933) have concluded that

the color of the animal is determined by the ratio of incident and

reflected light striking the eye of the animal. Should this statement

hold true without modification, then it would follow that for a given

background which is characterized by always reflecting a given per-

centage of the light striking it, the animal would remain the same shade

at all effective light intensities and there would exist a sharp critical

point in intensity of light at which a fish upon a black background
would become pale as the light was decreased. Whether or not this is

the actual state of affairs is tested in the following experiment.

I. UNIFORM BLACK BACKGROUND AND VARYING LIGHT

INTENSITY

Material and Methods

In the experiment herein described the silver-mouthed minnow,

Ericymba buccata Cope, was used exclusively. This fish is from five

to eight centimeters in length and is found most abundantly in streams

with sand bottoms in the region about Urbana, Illinois, (Thompson
and Hunt, 1930). The fish used were always freshly caught, none

1 Contribution No. 474.

8
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being used after they had been in the laboratory tanks for more than a

week. Furthermore, all the data were obtained from fish caught in a

given region and within a period of less than two winter months, thus

insuring fish that were quite uniformly pigmented. Because of the

rapidity of color change in this species no method was devised whereby
more than a single light intensity could be used in testing the quantita-

tive response in any individual fish. As a result, the data included here

are those of a population and hence characterized by considerable

variation.

All the experiments were carried out in an experimental dark-room.

The light sources used in obtaining the different intensities were a 200

watt tungsten lamp, a 75 watt daylight Mazda lamp, and a 25 watt

tungsten lamp with a daylight filter. For the lower intensities the

last lamp was enclosed in a light-proof container possessing an iris

diaphragm over the single aperture. In addition, approximately
neutral light filters (exposed photographic plates) were used. The
measurement of the light intensity was made with a potassium photo-
electric cell with maximum sensitivity in the blue end of the visible

spectrum. This cell was constructed by Professor J. Kunz. In

nearly every instance the light source was 125 centimeters directly

above the 8 inch, flat-black-coated crystallizing dish in which the

experimental fish were placed.

In order to test the effect of a given light intensity upon the response
of the melanophores, two or three minnows were placed in the crystal-

lizing dish containing three centimeters of water. The crystallizing

dish was coated with flat-black paint because it was determined that

upon a background of this nature the fish would become dark in color

in the ordinary light intensities of the laboratory and would become

pale in total darkness. Thus the actual intensity at which the fish

would entirely cease to respond to the color of the background could

be learned. At the end of two to three hours in the experimental

situation, during which time the water in which the fish were kept was

constantly aerated with compressed air and an aerator block, the fish

were removed and immersed in boiling water for a minute or two.

Then a piece of the integument from a given area of the fish was
dissected off and mounted in glycerine. A Spencer camera lucida and
a celluloid rule served in measuring the diameters of 30 to 80 melanin

masses. The average was taken as an index of the degree of dispersion
of the pigment in the fish as a whole. In order to ascertain that two
hours was sufficiently long for the pigment masses to have reached an

equilibrium point of dispersion within the melanophores for the light

intensity and background in question, some of the fish were taken from
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a black background in light and others from a white background in

light at the beginning of the experiment and thus the equilibrium

points were reached from both sides. Furthermore, at the intensities

of the ordinary daylight of the laboratory the color-change was very

rapid, requiring only five or ten minutes to pass from one extreme to

the other. Research is now in progress to determine to what extent

the rates of color change are influenced by intensity.

Results

During the course of the experimentation 75 minnows were tested.

These were roughly distributed among the seven light intensities in

TABLE I

Average diameters of melanin masses in fish kept upon a black background under

measured light intensities. Pigment mass diameters are given in micra and light

intensity in foot candles.

Light intensity

.000005
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at 1.75 foot candles, the minimum intensity at which complete disper-
sion of melanin could be obtained in response to a black background.
Six backgrounds were used, the black one of the previous experiment,
a white one, and four of intermediate shades of gray. The latter

five were obtained by placing a glass crystallizing dish upon paper
and cloth of the appropriate shades. The relative brightnesses of the

direct light at the level of the background and the light reflected from

the background were measured with a Macbeth illuminometer

equipped with a brightness-determining device consisting of a trans-

TABLE II

Average diameters of melanin masses in fish kept upon black, white, and gray
backgrounds in an incident light intensity of 1.75 foot candles. The ratio indicates

incident intensity
the -

r^- 1 igment mass diameter is given in micra.
reflected intensity

Background ratio

2.54
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for a given light intensity the average diameter of the pigment within

the melanophore is a direct function of the ratio of incident to re-

flected light.

GENERAL CONSIDERATIONS

The ratio of incident to reflected light is thus seen to be inadequate
to account completely for the degree of melanophore dispersion even
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when the intensity is considerably above the value of zero. Total

intensity has a marked and significant effect. Duspiva (1931) found

that light intensity had a very great effect upon the coloration of larvae

of Perca fliiviatiUs, Sahno salvelinus, and some other fishes. Back-

ground was without effect upon these forms. Roller (1934), however,

reported that for larval Coregonus the background was the principal

stimulus for melanophore activity while the light intensity had no

influence until complete darkness was attained. These two papers
are characteristic of the extremes in the literature regarding the effect

of light intensity upon melanophores in fishes. The present research

does not pretend to give a complete answer to this problem of long

standing. Rather, it merely suggests that both forces are quite

definitely influential in altering the coloration of fishes, but that the

degree of overlapping of the two or the dominance of a single one

determines the differences between individual species and even the

same species at different developmental periods.

It is a well-known fact to fishermen of the Illinois River that when
the water is laden with silt and consequently permits light to penetrate

only a very short distance in any quantity, the fishes taken are pale
in color, whereas in clear water the fishes are invariably dark in shade.

If fishes swimming freely at some distance from the bottom in clear

water can be figured as being upon the equivalent of a black back-

ground since practically no light is reflected from below, then the silt

in the more turbid waters can be conceived of as having effect through
reduction of incident light and also augmentation of the reflected light

entering the eyes of the fishes.

In closing, I wish to acknowledge my indebtedness to Dr. David H.

Thompson of the Illinois Natural History Survey and to Professor J.

Kunz of the Physics Department, University of Illinois, for generously

supplying me with helpful suggestions and material during this

investigation.

SUMMARY

1. A quantitative method of determining the influence of the

environment upon the melanophores of small fishes is described.

2. The degree of dispersion of the melanin in (he melanophores of

the silver-mouthed minnow, Ericymba buccata, is within certain limits

determined by the total light intensity as well as by the shade of the

background.
3. Upon a constant black background between the intensities of

light, .000053 and 1.75 foot candles, the average diameter of pigment
masses is directly proportional to the logarithm of the light intensity.
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4. At an intensity of less than .000053 foot candles the fish are at

their maximum degree of paleness in spite of a black background.

5. At 1.75 foot candles illumination the fish becomes maximally
dark upon a black background, and the average diameter of melanin

masses appears to vary in a directly proportional fashion with the

incident light ,
.

, f . ,- ,

ratio. -
. .. , -, which reaches the eyes ot the nsn.

reflected light

LITERATURE CITED

BAUER, V., 1905. Ueber einen objectiven Nachweis ties Simultankontrastes bei

Tieren. Zentralbl. f. Physiol., 19:453.

DUSPIVA, F., 1931. Beitrage zur Physiologic der Melanophoren von Fischembry-
onen. Akad. Wiss. Wien, Math.-naturw. KL, Sitzungsber. Abt. 1, 140:

553.

VON FRISCH, K., 1911. Beitrage zur Physiologic der Pigmentzellen in der Fischhaut.

Pfliiger's Arch.f. d. ges. Physiol., 138: 319.

KEEBLE, F. W., AND F. W. GAMBLE, 1904. The colour-physiology of higher Crustacea.

Phil. Trans. Roy. Soc. London, B. 196: 295.

ROLLER, G., 1934. Uber den Farbwechsel von Coregonenlarven. Biol. Zentralbl.,

54:419.

PEARSON, J. F. W., 1930. Changes in pigmentation exhibited by the freshwater

catfish, Ameiurus melas, in response to differences in illumination. Ecology,

11: 703.

SUMNER, F. B., 1911. The adjustment of flatfishes to various backgrounds: a study
of adaptive color change. Jour. Exper. Zool., 10: 409.

SUMNER, F. B., AND A. B. KEYS, 1929. The effects of differences in the apparent
source of illumination upon the shade assumed by a flatfish on a given

background. Physiol. Zool., 2: 495.

SUMNER, F. B., 1933. The differing effects of different parts of the visual field upon
the chromatophore responses of fishes. Biol. Bull., 65: 266.

THOMPSON, D. H., AND F. D. HUNT, 1930. The fishes of Champaign County. Bull.

III. Nat. Hist. Surv., 19, Art. 1, 5.



RENAL FUNCTION IN MARINE TELEOSTS

II. THE NITROGENOUS CONSTITUENTS OF THE URINE OF

SCULPIN AND FLOUNDER, WITH PARTICULAR REFERENCE
TO TRIMETHYLAMINE OXIDE

ALLAN L. GRAFFLIN AND R. G. GOULD, JK.

(From the Department of Anatomy, Harvard Medical School, and Department of

Biochemistry, College of Physicians and Surgeons)

In view of the rather extensive work which has been done upon
kidney function in the sculpin (Myoxocephalus octodecimspinosus), a

common marine teleost (for review of literature see 34), it became of

interest to investigate more fully the nitrogenous constituents of the

urine. For comparison the flounder (Pseudopleuronectes americamis]
was likewise studied. Analysis of samples of urine from these two

species for the ordinary nitrogenous constituents showed that ap-

proximately one-half of the total nitrogen was still unaccounted for.

The presence of trimethylamine oxide in other marine fishes (see

Table III) made it appear likely that this compound might be present
in the urine of our animals. Investigation has demonstrated its

occurrence in sculpin urine in significant amounts, but its absence in

detectable quantities from the urine of the flounder. Brief supple-

mental studies demonstrated the occurrence of the oxide in the urine

of the daddy sculpin (Afyoxocephalus scorpius) and confirmed its

presence in the urine of the goosefish (Lophius piscatorius] (18).

MATERIAL AND METHODS

Freshly caught sculpins and flounders were brought into the

laboratory, the urinary papilla was tied off, and the fish were trans-

ferred to live cars, usually for 24 hours, sometimes longer. At the

end of this time they were killed by a blow on the head, and the urine

was removed from the exposed bladder by syringe. Following are

additional details concerning the urine samples listed in Tables I and

II; unless otherwise noted preservation was by toluol and hydro-
chloric acid. All samples were kept in a refrigerator when not in use.

Sculpin 1: about 475 cc., from 217 sculpins; chloroform and toluol.

Sculpin 2: about 475 cc., from 239 sculpins; 1 per cent sulfuric acid.

Sculpin 3: 15 cc. from a few specimens. Flounder 1: about 475 cc.,

from 135 flounders; chloroform and toluol. Flounder 2: about 475 cc.,

1 With the assistance of Gordon Spence.
16
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from 117 flounders; 1 per cent sulfuric acid. Flounder 3: 15 cc. from

a few specimens. Flounder 4: same. Daddy sculpin: from two

specimens. Goosefish: from one specimen in good condition. All

sculpins and all but one group of fifty flounders (taken in net) were

caught with hook and line. The urine samples were collected at the

Mt. Desert Island Biological Laboratory, Salsbury Cove, Maine.

Total nitrogen was determined by the methods of Van Slyke (49)

(Sculpin 1 and 2, Flounder 1 and 2) and Pregl (39) (all other specimens) ;

ammonia by the method of Folin and Bell (13) ;
urea by the method of

Van Slyke (50), using 0.5 M. veronal rather than phosphate as a buffer

because of the high magnesium content of the urine; uric acid by the

method of Benedict and Franke (4) ;
amino acids by the method of

Folin (12); total creatinine by the method of Folin (11); and chloride

by the method of Van Slyke (48) as modified by Smith (41). Tri-

methylamine oxide was determined by the method of Hoppe-Seyler

(24).

RESULTS

The analytical data for the ordinary nitrogenous constituents of

the large pooled samples of sculpin and flounder urine are summarized

in Table I. The chloride values for these samples, in millimols per

TABLE I

Distribution of nitrogenous constituents of sculpin and flounder urine.
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centration of total nitrogen and a sharp increase in the urinary con-

centration of chloride (15, 37). Under the circumstances, the diver-

gence in the present samples from the more ideal values can undoubt-

edly be attributed to the manner in which the sculpins were handled.

With the large number of animals used, the handling was necessarily

rather rough as compared to the rigid technic employed in more exact-

ing experiments (15, 16). This also applies to the total nitrogen value

given for the daddy sculpin (Table II). From urinary chloride data

upon flounder presented elsewhere (16), the high chloride and low total

nitrogen values in the samples of flounder urine can be similarly inter-

preted. In line with this interpretation is the fact that specimen
Flounder 1, containing urine from a batch of fifty flounders subjected
to rather severe conditions and overcrowding in a flounder net, shows

a very low total nitrogen and a very high chloride concentration. The
total nitrogen content of the sample of goosefish urine (Table II) is

well below the values reported by Grollman (18) for bladder urine

from freshly caught specimens, is comparable with those given by
Edwards and Condorelli (8), and is far above those reported by
Marshall and Grafflin (35) and Smith (40), whose specimens were

obviously quite diuretic.

The abnormalities in urine formation observed under experimental
conditions are associated primarily with a derangement of the normal

salt and water balance of the organism, resulting from the loss of water

through the skin and the increased ingestion and gastro-intestinal

absorption of sea water (42, 17). The important fact, for the present

data, is that from all available evidence there is no concomitant de-

rangement of nitrogen metabolism under these conditions; i.e., the

decreased urinary concentration of total nitrogen represents primarily
a dilution effect. This statement is borne out by a comparison of the

nitrogen distribution data upon the urine of the goosefish previously

reported by Grollman (18) and Smith (40), the former at high and the

latter at low urinary total nitrogen concentration. Under the cir-

cumstances, the analytical data given in Table I are interpreted as

representing fairly accurately the normal percentage distribution of

the ordinary nitrogenous constituents and percentage of undetermined

nitrogen in sculpin and flounder urine.

The ammonia and uric acid values for sculpin and flounder are

quite low, and are comparable with those reported by Grollman (18)

for Lophius, but much lower than those reported for ammonia in

Lophius and Murcena by Edwards and Condorelli (8). Urea is present
ill considerable amounts in sculpin and flounder urine, some data on

sculpin having been reported by Marshall and Grafflin (36). The
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urinary excretion of urea in significant amounts seems to be charac-

teristic of all marine teleosts so far studied except the goosefish (Lophius

piscatorius) . Marshall and Grafflin (35) reported that the plasma and

urine of this species uniformly contain urea in only minimal amounts,

and this was subsequently confirmed for the urine by Grollman (18)

and Smith (40). The high values reported for Lophius by Edwards

and Condorelli (8) seem to cast doubt upon all of their urea analyses.

The amino-acid and total creatinine values for sculpin and flounder

are to be compared with other data available in the literature (8, 18,

35, 37, 40). In the marine teleosts as a group, the total creatinine

fraction of the urine consists predominantly of creatine. Fairly

extensive data upon the creatine content of sculpin urine, under normal

and diuretic conditions, have been supplied by Pitts (37).

It is evident from Table I that approximately one-half of the total

nitrogen in the composite samples of sculpin and flounder urine is

unaccounted for by the ordinary nitrogenous constituents. The

TABLE II

Trimethylamine oxide in urine of sculpin, flounder, daddy sculpin and goosefish.
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is to be compared with the figure 20.4 (milligrams per cent of nitrogen

as (CH 3 ) 3NO) obtained upon sample Sculpin 2 (preserved with sulfuric

acid) more than two months after collection. This latter value rep-

resents 24.1 per cent of the total nitrogen, 44.5 per cent of the unde-

termined nitrogen. Although present in sculpin urine in considerable

amounts, trimethylamine oxide is apparently entirely absent from

flounder urine, or present in only small traces. The amount present

in the urine of the daddy sculpin is comparable with that in the sculpin ;

and the value for goosefish urine is essentially confirmatory of tin-

results of Grollman (18).

In order to obtain additional evidence that the substance present

in sculpin urine is actually trimethylamine oxide, this compound was

isolated from urine sample Sculpin 1 as the aurichloride. For tri-

methylamine oxide this salt would have the composition (CHs^NO-
HAuCl 4 . Synthetic material of this composition gave a melting point

of 255-7, which agreed exactly with that of the salt isolated from

sculpin urine. The mixed melting point was likewise 255-7. On

analysis the sculpin salt gave the percentage of gold as 46.0, 46.25

(theoretical 47.5 per cent); percentage of nitrogen 3.5 (theoretical

3.4 per cent). From the aurichloride the picrate was prepared in the

following manner. The gold salt was dissolved in water and treated

with "molecular" silver until the yellow solution became colorless.

The silver was then centrifuged off and slightly less than the calculated

amount of picric acid solution was added. The melting point of the

picrate from the sculpin gold salt and of synthetic picrate from tri-

methylamine oxide, as well as the mixed melting point, all agreed:

194-7. In addition, the picrates from the natural and synthetic

sources had the same crystalline form.

Thus there is adequate evidence that trimethylamine oxide makes

up a considerable portion of the "undetermined" nitrogen fraction of

sculpin urine. As to the nature of the compounds present in the

remaining fraction of the undetermined nitrogen in this species, we

have no satisfactory data. This applies also to the entire' undeter-

mined nitrogen fraction of flounder urine.

DISCUSSION

The preM-nre of trimethylamine oxide and trimethylamine in the

fishes has been the subject of considerable investigation, and the

present state of our knowledge is summarized in Table III. Supple-

mental to the table is the clear demonstration of the presence of tri-

methylamine oxide in the blood of Scyllium catulus (24) and in the roe
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of Clupea harengus (38) .
2 It is obvious that our negative finding for

the urine of the flounder, Pseudopleuronectes americanus, is particularly

striking in view of the positive results obtained from the muscles or

urine of all other marine teleosts so far examined, especially from the

muscles of the closely related Pleuronectes cynoglossus. The generali-

zation has frequently been made that trimethylamine oxide is charac-

teristic of marine, as opposed to fresh water, teleosts. Its absence

from the urine of the flounder does not, naturally, preclude the possi-

bility of its occurrence in the muscles of this species.

TABLE III

The occurrence of trimethylamine oxide and trimethylamine in the muscles and
urine of fishes.
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Trimethylamine oxide has further been demonstrated in cephalo-

pods (20) and, on the basis of Hoppe-Seyler's interpretation (22), in

Crustacea by Suzuki et al. (45, 46), who reported it as "kanirin." 3

From the gonads of the jellyfish, Rhizostoma cuvieri, Haurowitz (19)

has isolated trimethylamine, which is accepted as existing preformed in

the tissues (21). Neither the amine nor its oxide has ever been re-

ported as occurring in the normal tissues or body fluids of amphibia,

reptiles or birds. Kappeler-Adler and Krael (26) reported an indirect

demonstration of the oxide in mammalian muscle, and Lintzel (32)

has very recently claimed trimethylamine and trimethylamine oxide to

be normal constituents of human urine. 4

From a detailed consideration of the osmotic relationships existing

between the fishes and their environment, Hoppe-Seyler (23, 24)

concludes that the retention of nitrogenous metabolic products

creates the conditions which are necessary for the formation of the

oxide. Thus the selachians, which are able to hold the salt content of

their body fluids much lower than that of sea water, establish isotoni-

city with their environment through the retention of urea, trimethyl-

amine oxide and betaine, and thus hinder the withdrawal of water

from the body by the surrounding medium. Actually, Hoppe-Seyler's

conception of the existing relationships in marine elasmobranchs is

erroneous. Selachian blood is hypertonic to sea water, and this group
is to be classed along with fresh water fishes as osmotically superior to

the environment (42). That there is an active conservation of the

oxide by the kidneys has been established by his demonstration of the

much lower concentration in the urine as compared with the blood.

According to Hoppe-Seyler, in the marine teleosts a similar, but much

smaller, retention of metabolic end-products must occur, and in this

3 The closely related tetramethylammoiiium hydroxide has been isolated from

Actinia equina (2).
4 The presence of trimethylamine in human urine has often been reported

(among others, 5, 10, 14); but following the investigations of Takeda (47), Kinoshita

(27) and Erdmann (9) it has been generally accepted that the amine does not exist

preformed in the urine, but is liberated from some precursor by either chemical or

bacterial decomposition. Lint/el refuses to accept this conclusion, and goes on to

show that when large quantities of trimethylamine oxide, betaine, choline, etc. are

added to human urine, the yield of trimethylamine does not increase. He further

reports that when urine is distilled for trimethylamine for several hours, a subsequent
distillation yields no more of the substance, even though a considerable quantity of

trimethylammonium base is present. Actually, Takeda concluded that preformed

trimethylamine is perhaps present at times in normal human urine, though always
absent from that of the dog and horse. Trimethylamine has likewise been reported
in human cerebrospinal fluid (7) and in the blood of lower mammals (6, 7) and man
(7, 14). However, these reports have all been subjected to the same criticism that

the amine may well have arisen from some precursor through chemical or bacterial

decomposition.
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way the difference between the osmotic pressure of the sea water and

of the blood is at least diminished. The validity of this argument
has been questioned by Homer Smith, in an article to appear in

Biological Reviews, on the ground that direct evidence for an active

retention in marine teleosts has never been adduced. On the other

hand, in fresh water teleosts, living in a markedly hypotonic medium,
the conditions are such that metabolic products are withheld as little

as possible, and the oxide never occurs (Table III).
5

Hoppe-Seyler
extends his argument to the presence of the oxide in cephalopods and

of the betaines in marine invertebrates and in plants, and makes the

inclusive generalization that wherever nitrogenous metabolic products
are retained, the preliminary conditions for the occurrence of methyla-
tion processes are present.

The conclusion of this investigator (21, 23), that on the basis of all

available data trimethylamine and trimethylamine oxide must be

considered primarily as end-products of protein metabolism, is con-

curred with by Poller and Linneweh (38) and Grollman (18), and is

confirmed by the demonstration of the oxide in the urine of selachians

and marine teleosts (23). This is in agreement with the general view

expressed by Kutscher and Ackermann (29, 30) for the methylated
muscle bases. Hoppe-Seyler (21, 23) regards trimethylamine and its

oxide as derived primarily from ammonia through methylation and

oxidation; and sees in the formation of the oxide the replacement of

ammonia, which is toxic for the vertebrates in high concentration, by
an essentially non-toxic, very weakly basic compound. The other

methylated muscle bases, on the other hand, most probably are de-

rived from higher degradation products of proteins, the amino acids

(30). The idea that trimethylamine and its oxide may arise from the

betaines, cholines (lecithin) and other compounds has also been ad-

vanced (18, 21, 28), and Lintzel (32) accepts such an origin in the

human through the activity of the intestinal bacteria (see below).
The possibility that trimethylamine and its oxide are, in the fishes,

in part at least of exogenous origin, being ingested preformed, has been
6
Hoppe-Seyler (23) sought to settle the question whether trimethylamine and its

oxide actually do appear as metabolic products in fresh water teleosts, but are not

demonstrable because of their rapid and complete excretion in the dilute urine.

Carp were allowed to swim about in limited quantities of water over a period of seven

days, and the entire body of water (containing the urine), when concentrated to small

volume and treated with zinc dust and HC1, gave no precipitate with gold chloride.

The logical conclusion was that the amine and its oxide are not formed in fresh water
fish. Smith (40) reported a volatile base, in addition to ammonia, in the branchial

and urinary excretions of the carp, and concluded that it was presumably in large

part trimethylamine liberated from the oxide on treatment with zinc dust and alkali.

The inability of Hoppe-Seyler to detect either the oxide or the free amine in the urine

or muscles of this species (21, 24) renders Smith's interpretation untenable.
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accepted by Grollman (18) and Hoppe-Seyler (21). The latter, how-

ever, believes it impossible that this could form the only source for the

amounts demonstrable in selachians and marine teleosts, even though
one assumed a strong retention of nitrogenous metabolic products.
Lintzel (32) similarly accepts an exogenous origin for part of the tri-

methylamine and trimethylamine oxide in human urine. According
to the latter investigator, ingested trimethylamine would appear in the

urine principally as the oxide.

Hoppe-Seyler (21) has concluded that one must consider the

possibility that in the fishes trimethylamine and its oxide can, at least

in part and under certain conditions, be demethylated. From the

work of Loffler (33), who showed an increase in urea formation when
the surviving liver was perfused with trimethylamine, it is reasonable

to assume that demethylation is a normal process in the mammals.

Suwa (44) first showed that in the presence of putrefying tissue

trimethylamine oxide was converted to the free amine; and Poller and

Linneweh (38), on the basis of their demonstration of the oxide in the

muscle of Clupea lnirenus and this known bacterial conversion,

offered an explanation for the large amounts of trimethylamine known
to be present in herring brine. Ackermann and Schiitze (1) and Kohl-

rausch (28) demonstrated the liberation of the amine from lecithin,

choline and betaine under bacterial influence; and Takeda (47) de-

monstrated the appearance of trimethylamine in considerable amounts

in mammalian urine allowed to undergo ammoniacal fermentation.

Later, Ackermann, Poller and Linneweh (3) showed that the conver-

sion of trimethylamine oxide to the amine, demonstrated by Suwa
with putrefying tissue, could also be effected by fresh liver, even when

cooked, indicating in the latter case a non-fermentative reductive

mechanism. Lint/el (32) discusses the assumption that a bacterial

decomposition of some of the trimethylammonium bases occurs in

higher organisms; and concludes, on the basis of extensive feeding

experiment^ with betaine, choline, lecithin, y-butyrobetaine, carnitine

and meat extract, that trimethylamine and its oxide, insofar as they
are not ingested preformed, must owe their presence in normal human
urine to the activity of intestinal bacteria upon certain of these bases,

liberating trimethylamine, which would then appear in the urine tor

the most part as the oxide (see below).

In feeding experiments on human beings, Lint/el obtained the

surprising result that ingested trimethylamine appears almost quanti-

tatively (within 10 per cent) as trimethylamine oxide in the urine, and

concludes that we must designate the oxide as the normal end-product
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of trimethylamine metabolism in man. 6
- 7 On feeding preformed tri-

methylamine oxide (both as the pure compound and as marine teleo-

stean muscle), he found the majority of it excreted unchanged in the

urine, with a moderate rise in trimethylamine.
8 He commented upon

the rough proportionality between the oxide and the free amine in the

human as indicating some sort of physiological relationship, perhaps
with respect to oxidative-reductive processes in the organism; and
cited in support of this idea the in vitro experiments of Ackermann,
Poller and Linneweh (3), who stressed the biological importance of the

oxide as a hydrogen-acceptor, particularly with respect to the sulf-

hydryl group of reduced glutathione.

It is a pleasure to acknowledge the capable assistance of Gordon

Spence, who accepted full responsibility for the laborious task of

catching, handling and collection of urine from the sculpins and

flounders used for Specimens 1 and 2.

SUMMARY

It has been shown that approximately half of the total nitrogen in

the urine of the sculpin (Myoxocephalus octodecimspinosus) and the

flounder (Pseudopleuronectes americanus} cannot be accounted for by
the ordinary nitrogenous constituents. Trimethylamine oxide is

present, and accounts for a large portion of this unknown fraction in

the sculpin, but is either absent or present in only very small quantities
in the urine of the flounder. Brief supplemental studies demonstrated

the presence of trimethylamine oxide, in considerable amount, in the

urine of the daddy sculpin (M. scorpius) and confirmed its presence
in the urine of the goosefish (Lophius piscatorius) . In the discussion

the literature concerning the occurrence and significance of trimethyla-
mine oxide and trimethylamine is reviewed.
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THE EFFECT OF X-RAYS ON CLEAVAGE IN ARBACIA
EGGS: EVIDENCE OF NUCLEAR CONTROL

OF DIVISION RATE

P. S. IIKNSIIAXV AND I). S. FRANCIS

(From the Biophysical Laboratory, Memorial Hospital, New York City, and the Marine

Biological Laboratory, Woods Hole, Mass.)

There has been much speculation as to what part of the cell,

after exposure to short wave-length radiation, is most responsible for

bringing about certain observable biological changes changes in

rate of growth, rate of mitosis, and the like. Also, there has been

much speculation as to the influence of the nucleus, if any, on the

rate of cell division. The present investigation gives information on

these seemingly unrelated questions.

In previous reports (Henshaw, 1932, 1933) we have described the

effects of X-rays on the time of the first cleavage in the eggs of Arbacia

punctulata when irradiated before fertilization. At this time we wish

to supplement this by describing the effects when sperm alone are

irradiated, and also, when both eggs and sperm are irradiated. As a

background for the present work the conditions and findings of the

previous work will be reviewed briefly.

Arbacia eggs can be collected in large numbers from a single female;

likewise, sperm can be collected in large quantities from a single male.

If arranged properly in sea water, the eggs may be fertilized with the

sperm and normal development observed. If a few drops of sperm

suspension are added to a sample of eggs and the time for cleavage

noted, the first cleavage will be found to have occurred in half of the

eggs in about 55 minutes under ordinary conditions. If these*'condi-

tions are kept the same for various samples of a given collection, the

cleavage time (i.e., the time from the moment of insemination to the

moment when 50 per cent have cleaved) will be constant within one

minute ordinarily.
'

<

If, however, the eggs are exposed to X-rays immediately before

fertilization, the onset of the first cleavage is noticeably delayed.

Thus, the radiation in some way affects the protoplasm of the eggs and

as a result the first cellular division is slowed. If graded doses of

radiation are given to a series of samples, the amount of delay will be

found to increase as the dose of radiation increases. In the present

study the same irradiation effect (cleavage delay) has been produced
28
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when sperm alone were irradiated. Because sperm and eggs differ

distinctly in certain respects, it has been possible to obtain some

indication of what part of the cell is affected by the radiation in bring-

ing about cleavage delay, and also something of the relation of cell

parts to cell function.

PROCEDURE AND RESULTS

Arbacia were collected during the spawning season and maintained

in running sea water until needed for use. When material was

required, the ovaries were removed from a single female and allowed

to shed eggs into a large volume of sea water (several hundred ml.).

The ovarian tissue was removed by filtering the suspension through
cheesecloth and the eggs were then allowed to settle. Three drops of

heavy egg suspension were placed in each of several small glass vessels

and the material was then ready for treatment. The vessels had flat

bottoms and were about 8 mm. in diameter. The egg suspension was

about 2 to 3 mm. deep in the vessels.

Testes were removed from a single male and minced slightly with

fine pointed forceps. Portions of the resulting material were then

placed in other glass vessels of the same design to a depth of 2 to 3 mm.
and were thus ready for treatment.

By laying out the work properly, it was possible to obtain data

for three types of experiments at the same time on different portions

of the same collection of material data for (1) irradiated eggs and

normal sperm; (2) irradiated eggs and irradiated sperm; and (3)

normal eggs and irradiated sperm. It was necessary, therefore, to

have on hand both irradiated and non-irradiated material. Accord-

ingly, some of the vessels of sperm and eggs were not treated. The

samples receiving treatment were arranged in a special way for

exposure to the radiation. Since the time factor has been shown

previously to have an influence on the results obtained, the same

duration of exposure (30 minutes) was given to all samples. Varying
doses of radiation were obtained by placing the samples at varying
distances from the source of radiation.

One sample each of sperm and eggs was placed at the distances of

20, 28.3, 40 and 56.5 cm. from the center of the target of the X-ray
tube. These distances were selected in accordance with the Inverse

Square Law, reducing the intensity by one half in each case. Since

means were not available for measuring the intensity at each distance,

the relative dosages must be regarded as only approximate. This,

however, does not interfere with the relative effects obtained on sperm
and eggs, which is the main point of interest here. The intensity at
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20 cm. distance was approximately 720 roentgens per minute, knowledge
of the exact amount not being essential. The radiation was supplied

by a standard, Coolidge Type, air-cooled, tungsten target, X-ray tube.

The conditions under which the radiation was obtained were 120 kv.,

180 pv., 5 ma. and a filter of thin paper.

After exposure the eggs were arranged in Syracuse dishes in a

larger volume of water and sperm suspension in proper dilution was

36 72 144

Roentgens x 100

288

FIG. 1. Curves showing how irradiation effect (cleavage delay) varied with

respect to dose of radiation administered. Curves A and B show the results obtained

when eggs and sperm, respectively, were irradiated, while Curve C shows it when

both eggs and sperm were irradiated. Curve D shows the effect which would have

been obtained if the effects produced in sperm and eggs had been entirely additive.

added to make the combinations mentioned. Insemination of the

different samples was accomplished as nearly simultaneously as

possible, never more than two minutes being required for this. Deter-

mination of the cleavage time was then carried out according to the

procedure described previously.

A series of nine experiments have been carried out, all of which

show essentially the same thing. Averaged results for three of these,

carried out under precisely the same conditions, are shown in Hg. 1.
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The abscissa1 indicate dose in rocntgens, while the ordinates indicate

irradiation effect in minutes cleavage delay. Curve A shows the

effects obtained when eggs alone were given increasing amounts of

radiation. This, in general, is like the curves obtained previously for

similar conditions. Curve B shows the effect when sperm alone were

irradiated and Curve C shows it when both sperm and eggs were

irradiated.

It will be seen, not only that cleavage delay is produced by the

irradiation of sperm alone, but also that the amount of delay is greater

for a given dose when sperm are irradiated than when eggs are ir-

radiated. While the actual amount of difference varied somewhat

from experiment to experiment, the ratio of difference obtained for

the two gametes remained approximately the same. Also, it will be

seen that still greater effects are obtained when both eggs and sperm
are irradiated. This indicates that the effects are to some extent

additive when both elements are treated.

DISCUSSION

The significance of this investigation may best be considered by

analyzing step by step the processes involved. Experiments with

irradiated eggs will be taken up first.

An affecting agent, radiation, was administered to a certain type of

cell, the Arbacia egg, and changes of some kind were produced. These

were made evident, at least in part, by the addition of sperm and the

determination of the time required for cleavage. The sperm in such

a case does two things of consequence. First, it enters the egg and

incites it to division, thus initiating the reaction by which the ir-

radiation effect is detected and measured. Second, it carries into

the egg a portion of protoplasm which has not been irradiated. Hence,
since radiation was allowed to affect only the egg, the procedure of

adding sperm and timing cleavage may be regarded mainly as a means
used in detecting irradiation effect. Changes produced in the egg,

therefore, must have been responsible for the slowing of division

observed.

When the same effect is obtained by irradiating sperm, quite a

different problem is presented for consideration. A protoplasmic

part which had previously been used to detect irradiation effect

was caused to harbor changes brought about by radiation, carry them
into a portion of non-irradiated protoplasm and there exert an influence

which caused the untreated protoplasm to act as though it had been

treated. This unique finding may be used in analyzing the action of

radiation on the rate of cell division.
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In the work with irradiated eggs, no information was obtained

which indicated what parts of the eggs were affected by the radiation

which, in turn, were responsible for the slowing of division rate. Modi-
fications may have been produced in the membranes affecting per-

meability; they may have been produced in the cytoplasm causing
alterations in viscosity, pH and other chemical organization ;

or they

may have been produced in the nucleus, bringing about structural and
chemical modifications. The situation, however, is different when

sperm alone are irradiated.

When the normal egg is fertilized with normal sperm, the sperm
penetrates the egg membranes, leaving its swimming organ at the

surface. Thus, only the sperm nucleus and a small amount of cyto-

plasm actually enter the egg. The sperm nucleus moves forward

through the egg cytoplasm to meet the egg nucleus and the two, so

far as is known, share equally in the subsequent nuclear activity of the

organism. In regard to the sperm cytoplasm which enters the egg, no

important function has been attributed to it except one. It furnishes

the functional centrosome for the first division figure, that of the egg
not taking part. On entering the egg, the centrosome divides and
moves to the poles of the egg, giving rise to the astral arrangement as

it does so.

Thus certain points become clear. The irradiation effect which was

transported to the egg by the sperm must have been carried by either

the nucleus or centrosome or by both. From the fact that cleavage

delay can be produced by irradiating sperm alone, it is clear that the

delay does not result from alterations produced in the membranes nor

in the greater bulk of cytoplasm such as that contained in the egg.

Moreover, by considering the fact that the same irradiation effect

is obtained when either sperm or eggs are irradiated, and the fact that

the egg centrosome is not functional, the possibility of the centrosome

harboring an irradiation effect which influences division rate is greatly
diminished. The above results, therefore, may be cited as evidence

indicating that the irradiation effect, as manifested by cleavage delay,

is due to changes produced in the nucleus.

If this be true, the same evidence demonstrates in a clear manner
that the nucleus exerts at least some control over the rate of cell

division. X-rays have been used previously as a unique surgical tool

in performing successful and effective operations on the nucleus,

thereby bringing about changes in hereditary activity (Muller, 1928;

1933). The above experiments indicate that physiological activity

may also be effectively modified by influencing tin- nucleus with this

agent.
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From a purely biological point of view, it is interesting to note

that irradiation modification may be produced in a cell containing only
half the normal number of chromosomes and that the effect becomes

expressed in a cell containing the full number. Here, both an injured

and a normal nucleus (haploid) are present in the same cell. It might
be expected in such a case that the normal nucleus would exert a

dominance over the abnormal one and thus prevent the irradiation

injury from being expressed. This, on the contrary, is an example of

an abnormal nucleus showing dominance over a normal one.

As yet nothing has been said in regard to the relative susceptibility

of sperm and eggs to the radiation. The results, as presented, indicate

that the effect is definitely greater when sperm are irradiated. If, as

believed, the egg and sperm nuclei share equally in the nuclear func-

tions of the organism, and if it is true that nuclear changes brought
about by radiation are responsible for the radiation effect observed, it

would be expected that equal effects would be produced on sperm and

eggs by equal doses of radiation. The differences observed, however,
are appreciable and tend to indicate a differential response on the part
of the gametes. But there are reasons for believing that the differ-

ences observed are not real.

First, Heilbrunn and Young (1935) in a recent paper have reported
work done on the same material and with the same source of radiation.

In brief, they irradiated eggs in sea water in one case and in ovarian

tissue in another and found noticably more cleavage delay when ovar-

ian tissue was present during treatment. They suggest that this is

evidence indicating the presence of necrohormones an irradiation

product which is produced in one tissue and which is diffused out and

influences another. As a matter of convenience in our experiments,
the eggs were irradiated in sea water and the sperm were irradiated

in the presence of testicular material. Should necrohormones have

been produced by this material, they would have caused the irradiation

effect to be greater than it otherwise would have been. Second, the

discrepency may be accounted for by differences in absorption in the

two cases. The eggs settled to the bottom of the vessel during treat-

ment and were protected by two to three millimeters of sea water,

while at least part of the sperm were held near to the exposed surface

by the testicular material. Since unfiltered radiation was used, two

millimeters of sea water probably removed an appreciable amount of

otherwise effective radiation. These factors, however, have not been

investigated, thus making it impossible to discuss their significance

at the present time.

Perhaps the most interesting phase of this investigation lies in the
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set of facts implied by the quantitative results. The reaction in its

simplest form appears to be one of indirect dependence. That is,

the effect observed (cleavage delay) is dependent on the amount of

radiochemical change of a particular kind which is produced in the

living system and which in turn is dependent on the amount of radia-

tion administered. How the observed effect varies with respect to

the quantity of radiation given is indicated by the shape of the curves

obtained, but how the radiochemical change varies with respect to the

dose of radiation applied and how the observed effect varies with

respect to the amount of radiochemical change, is less obvious. The

data, however, may be analyzed to obtain certain indicative infor-

mation on these points.

Since it has been possible to produce the same irradiation effect

by exposing either gamete, it is probable t licit the same radiochemical

change (that which causes cleavage delay) is produced in the sperm
and eggs indifferently. Through fertilization, then, two quantities

of radiochemical change, known to produce definite amounts of cleav-

age delay, are brought together in the same system where their

combined effects are expressed as one. This unique procedure, made

possible only by the fact that cleavage delay may be produced by-

irradiating either gamete, offers an indirect method of investigating

the quantitative aspects of the radiochemical change involved. For

example, if the combined effect observed is equal to the sum of the two

effects obtained independently, it follows that the observed effect is

directly proportional to the amount of radiochemical change whatever

it may be. Curve D in Fig. 1 shows the combined effects obtained by-

adding Curve A to Curve B.

The curve actually obtained when both elements were irradiated

falls considerably below Curve D, indicating that the relation is not

directly proportional. However, Curves C and D appear to be

similar in shape, which indicates that the observed effect is equal to

the combined calculated effect times some constant less than one.

This has been found to be very nearly 0.72 at various points along tin-

curves in the figure. Insofar as these results are trustworthy, this

indicates that a linear relation exists between the radiochemical

change produced and the biological effect observed. Since, however,

the quantitative data now available are limited, it seems best not to

carry the analysis farther at this time nor to emphasize the relation-

ships observed. At this time it is sufficient to point out that a new

method is available for investigating certain phases of the radio-

biological reactions about which very little is known.
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SUMMARY

1. Experiments have been carried out to investigate the influence

of X-rays on the division rate of Arbacia eggs.

2. It was found, first, that the time required for the first cleavage
was noticably prolonged when the eggs were irradiated before

fertilization.

3. Second, it was found that the same effect could be produced by
irradiating the sperm before they were allowed to fertilize normal

eggs. Thus, an irradiation effect was carried by one gamete into

another where the effect became expressed. The non-irradiated

gamete was, therefore, caused to behave as though it had been

irradiated.

4. Irradiation of both eggs and sperm indicated that the effect

obtained was to some extent additive.

5. It was pointed out that only the nucleus and centrosome of the

sperm appear to have an important influence on the egg and that the

irradiation effect in such a case must have been carried by one or both

of these. Reasons were given for believing that the centrosome was

not important in this respect, thus indicating that the slowing of cell

division observed was due to irradiation effects produced in the

nucleus.

6. It appears, therefore, that the nuclei of the cells studied exert

at least some control over the rate of cell division, and it is significant

that such control is manifested when the damage is produced in a

haploid nucleus and the effect is expressed in the presence of a normal

haploid nucleus.

7. A method is presented for investigating quantitatively some of

the more remote aspects of the radiobiological reactions.
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RECIPROCAL CHORIO-ALLANTOIC TRANSPLANTS OF
EMBRYONIC DUCK AND CHICK KIDNEY TISSUE

CARL J. SANDSTROM

(From the Department of Biology, University College, New York University}

The results of reciprocal heteroplastic transplantations are not

always the same. Such observations have appeared sporadically in

the literature, particularly pertaining to grafting experiments between

different species of amphibians. Similar observations on warm-

blooded vertebrates are not as common. Loeb (1920) grafted kidney-

tissue between various forms. Some of these grafts were made

reciprocally, insofar as host-donor relationships were concerned,

between pigeon and guinea pig, and rabbit and guinea pig. More

recently, Loeb and King (1935), and Loeb (1935a and 19356) made a

number of reciprocal transplantations which included such combina-

tions as Gray Norway rats and mutant races, rat and mouse, rat and

guinea pig, cat and rat, and rat and pigeon. Adult forms were used

in these experiments, which involved transplants of thyroid, cartilage,

ovary, and closely associated tissues. In general, the results showed

that the grafts between the more closely related forms were more

favorable than those between the distantly related forms. In the

former there was some indication that a parallelism existed between

the intensity of the reaction and the genetic relationship of the host and

donor. In the latter, it was difficult to demonstrate this parallelism

because necrosis appeared so rapidly in the transplanted tissue that it

interfered with the more significant reactions which appear against

living tissue. Under these conditions the results of the reciprocal

transplants were, for the most part, similar, but some differences were

noted

Sandstrom (1932, 1934, and 1935), although not concerned with

reciprocal transplants, reported a -cries of experiments designed to

study the problem of heteroplastic grafting. His experiments were

limited to that period in embryonic development when both the host

and donor developed those properties responsible for the incompati-

bility displayed in adult tissue grafts. His results demonstrated that,

in addition to the species specificity of the tissues, a number of inter-

related factors must be considered in interpret ing the results, e.g., the

degree of differentiation of the donor tissue, the si/e of the transplant ,

the rate of incorporation of the transplant by the host, the capacity of

36
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the transplant to function in its new environment, and the possibility

that the grafted tissue might become adapted to the host tissues.

The previous experiments (1932, 1934, and 1935) having been

concerned with duck kidney tissue transplants to the chorio-allantoic

membrane of the chick, the question arose as to whether grafts of the

reverse host-donor relationship (i.e., metanephric tissue of the chick

embryo grown on the chorio-allantoic membrane of the duck) would

give similar results, and if not, whether a comparison of the reciprocal

grafts would give any additional information pertaining to the general

problem of heteroplastic transplantations.

A preliminary report on experiments, made with this thought in

mind, has already been presented in abstract form (Sandstrom, 1933).

During the interim additional transplants were made to fill gaps in the

experimental series, and to corroborate earlier observations.

MATERIAL AND METHODS

The procedure used in these experiments was similar to that

described by Sandstrom (1934). Briefly, it consisted of implanting a

small bit of donor tissue on the chorio-allantoic membrane of the host

where it was allowed to grow for the desired length of time, within the

limits prescribed by this method of experimentation. In the present
set of experiments, however, reciprocal transplants were made between

duck and chick embryos, i.e., duck tissue was transplanted to the chick

membrane, and chick tissue was transplanted to the duck membrane.
The metanephros was again used as a source for donor material because

it is an actively functional tissue (in contrast to cartilage, for example,
which is considered passively functional), and, under proper incubation

conditions, is known to differentiate in either homoplastic or hetero-

plastic chorio-allantoic grafts (Sandstrom, 1932). The donors were

White Pekin duck embryos of 13, 16, and 24 days incubation, and

single-comb White Leghorn chick embryos of 9, 13, and 19 days
incubation. The hosts were White Pekin duck embryos and single-

comb White Leghorn chick embryos of 14 and 9 days incubation,

respectively.

Since the degree of differentiation is an important factor in deter-

mining the capacity of tissue to grow on the chorio-allantoic mem-
brane, it was necessary, in order to make valid comparisons between

the reciprocal transplants, to select hosts and donors of approximately
the same stage in development. This is, of course, a problem in itself.

The question immediately arose as to whether the chick, which hatches

on the twenty-first day of incubation, is in the same stage of develop-

ment at the time of hatching as is the duckling which hatches on the
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twenty-eighth day of incubation. Or is the latter more developed

because of the additional week in the shell, and therefore equivalent

to the one-week old chick? Either a gross, or histological study of the

embryonic structures, such as is used in determining the degree of

development in the earlier somite stages of avian embryology, for

example, is of little value after visible differentiation has ceased.

Since the metanephros was used again as donor tissue, and for the

want of a better method in determining equivalent development, it

was assumed that the changes occurring in the physico-chemical

nature of the epithelial cells of the proximal convoluted tubules, as

indicated by the manner in which they stored vital stains, would

approximate the desired criterion. Hurd (1928) showed that trypan

blue was stored in the form of bright granules in the metanephros of

the chick embryo of 19 days incubation. Using the same kind of dye,

Sandstrom (1935) determined that it was stored as well-defined masses

in the kidney of the duck embryo of 24 days incubation. Assum-

ing that these stages, therefore, are of equivalent development,

from the ratio thus established, it was inferred that the chick and duck

were approximately equivalent at the time of hatching. On this basis,

insofar as it was practical, the ages of the hosts and donors used in the

reciprocal transplantations of these experiments were selected.

The grafts were removed at 24-hour intervals after an initial period

of 48 hours. They were fixed in Zenker's formal, sectioned at 6 and 8

micra, and stained with methylene blue-eosin. The present report is

based on the study of 233 grafts.

COMPARISON OF GRAFTS

Series I Chick and Duck Donors of 9 and 13 Days Incubation,

Respectively

At the time of transplantation, the metanephric tissue of the donors,

whether chick or duck, possessed scattered tubules, and sometimes

occasional renal corpuscles. It was still able to continue its differen-

tiation when implanted on the chorio-allantoic membrane of the host,

for considerable metanephrogenous tissue was still present. The

actual condition of the transplanted tissue, however, varied according

to the length of time the grafts were allowed to grow.

A comparison of the grafts of metanephric tissue of the chick em-

bryo grown on the chorio-allantoic membrane of the duck for 2, 3,

and 4 days, with those of the duck grown on the chick membrane for

identical periods, showed similar conditions. All of the grafts were

well incorporated. Differentiation had not progressed to any great

extent in those removed on the second day; it appeared much as it did
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at the time of transplantation. In the grafts removed on the third

and fourth days, the amount of metanephrogenous tissue was con-

siderably reduced, and the transplants consisted largely of uriniferous

tubules which, in some instances, could be differentiated into their

various parts. But the tissue in the grafts removed up to this time

was not all normal, particularly in those taken on the second day.

Centrally, it appeared as though in the initial stages of necrosis.

Instead of taking the methylene blue stain as did the more peripheral

normal tissue, it stained with eosin only. The cytoplasm of the cells

of the tubules contained vacuoles, and the nuclei were shrunken.

This condition was undoubtedly due to the inability of the blood

vessels to penetrate into the transplant rapidly enough to insure

proper vascularization. Accompanying this apparently necrotic

condition were numerous small lymphocytes. By the third and fourth

days there was considerably more normal, and less necrotic, tissue.

At the same time there occurred a proportional reduction in the num-
ber of small lymphocytes. They were usually limited to the small

areas of tissue in which necrosis had definitely set in.

Upon comparing the reciprocal grafts removed on the fifth and

sixth days, one prominent difference was noted which was not apparent
in any of the transplants removed earlier. The incorporation of the

metanephric tissue of the chick into the chorio-allantoic membrane of

the duck was less complete than that of the duck into the chorio-

allantoic membrane of the chick. The failure of the chick tissue to

become completely incorporated manifested itself in two ways. In

some instances, the grafts were taken into the host membrane, but

only a small part of the surface of the transplant came in contact with

the host tissue, and the region where the loose connective tissue and

blood vessels of the chorio-allantoic membrane could enter was

therefore limited considerably. Usually this contact was confined to

one side. The remaining surface of the graft was separated from the

host tissue by a space which was occasionally filled with a colloid-like

substance. The tissue was normal.

In other instances, the grafted tissue was not completely incor-

porated. The impression gained from an examination of the sectioned

material was that the chick tissue, although at first fully incorporated

into the duck membrane, was being forcibly ejected. The inner side

of the transplant was in contact with the host tissue, and the loose

connective tissue and blood vessels of the host membrane entered the

graft in this region only. The inner part, therefore, was, in a sense,

incorporated, and was normal in all respects. But in passing toward

the outer part, the tissue became more and more necrotic. The
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tubules were crowded, and their shapes altered considerably'. It was
still possible, nevertheless, to detect that some differentiation had
taken place on the membrane. The outer part of the graft was defi-

nitely necrotic. It was not covered by the chorionic epithelium, the

loose edges of which were found about the periphery, and the dead

tissue was sloughing into the space between the chorionic surface

and the inner shell membrane.

It is to be understood, however, that incomplete incorporation,
such as described above, was not universal among the grafts of chick

tissue on the duck membrane. Other grafts, in the minority to be sure,

were incorporated fully as well as the duck-on-chick transplants.

Regardless of the host-donor relationship, those grafts that were

sufficiently incorporated to insure proper vascularization to all regions

showed a high degree of differentiation with all parts of the typical

kidney present, and little necrosis. Lymphocytes were not common,
even in the grafts containing necrotic tissue.

There were more notable differences between the reciprocal grafts

that were removed from the seventh to the tenth days. Although
most of the tissue in the duck transplants grown on the chick mem-
brane was normal, conditions were quite variable in the grafts of the

reverse host-donor relationship. A few small grafts contained normal

chick tissue, others showed varying amounts of necrotic tissue, and
still others were in the process of sloughing in the manner already
described. In some cases the transplanted chick tissue had completely

sloughed from the host membrane, and the only evidence of a previous

graft was an increased amount of connective tissue in the general

region. In addition, there was another striking difference between

the two types of transplants. In the majority of grafts of chick tissue

removed from the duck membrane during this period, intense infiltra-

tions of granulocytic leucocytes and many small lymphocytes made
their appearance. Generally granulocytes are not uncommon in

metanephric tissue grafts, but they are usually present in small numbers

only. They are normally formed from the interstitial connective

tissue of the developing metanephros, and their existence in the trans-

plant is to be expected. But in the chick grafts removed from the duck

membrane on, or after, the seventh day, they manifested themselves

in a manner not found in any of the duck-on-chick grafts. They were

so numerous that the transplant, in some instances, was completely
obscured. They were also found in the connective tissue of the chorio-

allantoic membrane immediately surrounding the graft. Wherever

the granulocytes were sufficiently scattered so that the transplant

could be studied adequately, its tissue was found completely incor-
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porated and, for the most part, histologically normal. Some necrotic

tissue, however, was present. The intensity of the granulocytic

infiltrations could not be correlated with the amount of necrosis, for

grafts which appeared almost completely normal were as intensely

infiltrated as those that Contained large necrotic areas.

A study of the chorio-allantois immediately around the grafted

tissue revealed the source of the great numbers of granulocytes. It

was quite obvious that the presence of the foreign tissue had stimu-

lated the formation of granulopoietic centers, much in the same

manner that homoplastic chorio-allantoic grafts of adult chicken

spleen stimulated the formation of centers of granulopoiesis as de-

scribed by Danchakoff (1918). In fact, many of the stages in the

differentiation of the granulocytes, as described by her, were found.

The loose connective-tissue cells had enlarged to form relatively large

amoeboid cells the hemoblasts. Various stages could be selected to

form a sequence of transformations leading from the hemoblast to the

granuloblast. The final stage in this selected line of differentiation,

the granulocyte, was very common. All of these stages were limited,

for the most part, to circumscribed areas. These loci were located at

various distances from the grafted tissue. In some cases they were

directly adjacent to the transplant so that the various stages in the

differentiation of the granulocyte were within the grafted tissue.

More often, the loci, while in the immediate vicinity, were slightly

removed from the graft, and in these cases, only fully differentiated

granulocytes were found in the transplant.

Small lymphocytes, as well as granulocytes, were present, both in

the grafted tissue and surrounding host membrane. They were not

as common as the granulocytic leucocytes, and were somewhat larger

than the small lymphocytes found in the necrotic-appearing areas of

grafts removed 2 days after implantation. No evidence was found

which would indicate the loci of their formation as coincident with the

granulopoietic centers, although small lymphocytes were present in

large numbers in these centers. Unlike the results of Danchakoff

(loc. cit.}, no convincing sequence of cell types could be selected that

would suggest their transformation from the hemoblasts.

Series II Chick and Duck Donors of 13 and 16 Days Incubation,

Respectively

The reciprocal transplants of this series showed decided differences,

although at the time of transplantation, the metanephroi of both donors

had reached a comparable degree of histological differentiation. The

metanephric tissue of the duck continued its growth and development
on the chick membrane in the manner reported on previous occasions
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(Sandstrom, 1932 and 1934). Considered briefly, the condition of the

transplant varied according to the length of time the graft was allowed

to remain on the host membrane. There was an initial period of 2 or

3 days when the final stages of incorporation were in progress, after

which the implant was completely taken into the chorio-allantoic

membrane and covered by the chorionic epithelium. During this

period, the peripheral tissue was apparently normal, whereas the

central part showed the early stages ot necrosis, both as to its struc-

tural appearance and staining reactions. Numerous small lympho-

cytes were present in, and about, the necrotic area. Grafts removed

subsequently, e.g., from the fourth to the tenth days, showed pro-

gressively less necrotic, and more normal tissue, as the length of time

they grew on the membrane increased, so that ultimately their tissue,

for the most part, was comparable to that of a normally developed

metanephros of equivalent age. But some necrosis was present even

in the grafts removed during the later intervals, the extent varying
from small areas to complete grafts. The number of grafts containing

necrotic tissue, however, was decidedly in the minority.

Upon comparison, tin- grafts of the reverse host-donor relationship,

i.e., metanephric tissue of the chick grown on the chorio-allantoic

membrane of the duck, showed conditions quite in contrast to the

duck-on-chick grafts. A most striking difference was apparent in the

proce nt incorporation, which, in most cases, was considerably re-

tarded. Regardless of the length of time the grafts were allowed to

remain on the cluck membrane, the implanted tissue was rarely com-

pletely incorporated. It remained, more or less, in a stage comparable
to that found in the duck-on-chick transplants removed from the host

membrane within 4S hours after implantation. The epithelial cell-

of the membrane', undoubtedly stimulated in some manner by tin-

presence of the implanted tissue, increased in number, forming epi-

thelial projections which extended into the implant. Thus, that part

of the metanephric tissue which was in immediate contact with the

chorionic epithelium became incorporated first; it was "engulfed"

by the host epithelium. Peripherally, the chorionic epithelium folded

upward about the transplant, much as the somatopleure folds over the

developing chick embryo in the formation of the amnion and chorion.

Usually these folds extended upward only a short distance. Rarely
did they cover the graft completely, and if so, not before the eighth

day. In these cases, the inner part of the fold was sometimes found,

much folded, in the mesodenn of the membrane, and not infrequently

a hard, cornified mass.

Obviously, the tissue of the transplant was considerably affected
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by the retarded incorporation. That part which was "engulfed"

by the epithelium was normal in all respects. It procured sufficient

vascularization with little delay, and continued its development,

so that the grafts removed from the eighth to the tenth days, for

example, contained apparently normal, fully differentiated metanephric

tissue. Necrosis appeared rapidly in the remaining unvascularized

part, which was usually left outside the membrane, although oc-

casionally it was completely covered by the chorionic epithelium.

When covered, the dead tissue was always separated from the normal

either by a space, or connective tissue.

Series III Chick and Duck Donors of 19 and 24 Days Incubation,

Respectively

The high degree of differentiation that the donor tissue, whether

chick or duck, had attained at this stage of development, was reflected

in the incapacity of the transplants to grow on the chorio-allantoic

membrane. Regardless of the host-donor relationship, no great

amount of normal tissue was found in the grafts. That which was

present probably came from small scattered areas of metanephrogenous
tissue that were still present at the time of transplantation, or repre-

sented tissue which was sometimes found to persist through the period

that the grafts remain on the host membrane. Only one graft, a

chick-on-duck, was completely normal.

One prominent difference was apparent between the reciprocal

grafts of this series. The metanephric tissue of the chick was almost

always completely incorporated into the duck membrane, even

though it was seldom capable of continuing its growth. This complete

incorporation of the implant was in striking contrast to the conditions

found in similar grafts of the previous series (Series II), where incom-

plete incorporation was almost universal regardless of the stage of

removal. It was also in striking contrast to the results obtained in

the reciprocal grafts, i.e., duck-on-chick, of this series, which resem-

bled, to a degree, the conditions prevalent in some of the chick-on-duck

grafts of Series I. During the early period of incorporation, the

implanted tissue, completely taken into the chick membrane, con-

sisted of the characteristic peripheral area of normal tissue and the

relatively larger central area of apparently necrotic tissue. Numerous

small lymphocytes were aggregated in and about the central part.

From the fourth day on, however, much of the grafted tissue was found

in the process of sloughing. Not infrequently, it had sloughed from

the membrane completely, and the area once occupied by the duck

tissue was filled with connective tissue.
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DISCUSSION

The foregoing comparison of the embryonic duck and chick trans-

plants demonstrated that a definite reciprocal relation existed between

the host and donor species only during early embryonic development.

During this period the metanephrogenous tissue of both the duck and
chick were equally well incorporated into the chorio-allantoic mem-
brane of their respective hosts. As development proceeded, however,
this reciprocal relation was, to a considerable extent, lost. Pronounced
differences appeared in the transplants. For example, the implanted

metanephric tissue of the 14-day chick embryo was incorporated less

completely, and more slowly, than the equivalently developed tissue

of the 19-day duck embryo was into the chick membrane. This

retarded incorporation is demonstrated, not only in many of the grafts

of Series I (donors of 9 days incubation) that were removed from the

host membrane on, and after, the fifth day, but somewhat more

decisively in most of the grafts of Series II (donors of 13 days incuba-

tion), irrespective of the time of removal.

Other differences were noted. In Series I, completely incor-

porated chick tissue, after having grown in the new environment from

7 to 10 days, often stimulated the formation of leucopoietic centers in

the neighboring regions of the duck membrane. No stimulation of

this kind resulted from the transplantation of duck tissue to the chick.

Furthermore, in Series III, the implants of fully differentiated, func-

tional metanephric tissue from both the chick and duck (ages of 19 and
24 days incubation, respectively) were completely incorporated, with

no obvious delay, into the membranes of their respective hosts. In

this group, however, it was the transplanted chick tissue that grew,
or at least persisted, in its new environment, whereas the grafted duck

tissue, after having grown for a few days, frequently sloughed from

the membrane without creating any apparent disturbance in the

neighboring host tissue. And finally, closely correlated with the

retarded rate of incorporation, considerably more necrotic tissue was

found, in general, in the grafts of chick tissue than in those of duck

tissue.

Undoubtedly, the reactions dcscribi-d in the foregoing paragraph
were associated with the development of species specificity in the donor

tissues. Its appearance in the metanephric tissue of the chick ob-

viously occurred on the- fourteenth day of incubation, the time when
the incorporation of the chick tissue was first retarded. But as for

the appearance of species specificity in the duck tissue, no actual

evidence is available from these experiments. Assuming that the

method used in determining equivalent development is essentially
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correct, it should be present at approximately the nineteenth day of

incubation. As a matter of fact, this conclusion checks with that of

Sandstrom (1934) who, from a study of heteroplastic and homoplastic
chorio-allantoic grafts of duck kidney tissue, experimentally demon-

strated its presence at this time.

Although it is essential that the transplanted metanephric tissue

should function in order to continue its growth on the chorio-allantoic

membrane, as was shown by Sandstrom (1934 and 1935), apparently
its incapacity to do so does not elicit a reaction from the host. At least

this was true for the duck-on-chick transplants. More than likely,

therefore, the lack of function in the chick-on-duck transplants cannot

be considered an important factor in causing the reactions found in

these grafts. That the metanephros of the chick has developed func-

tion by the fourteenth day of incubation is suggested by the results of

Gersh (personal communication). By a refined technique, he has been

able to demonstrate activity in the tubules of the chick metanephros
as soon as they are structurally differentiated, i.e., starting the eleventh

day. According to his observations, however, only a very few tubules

are sufficiently differentiated at this time, and the number increases

but slowly, making it highly improbable that the incapacity to function

played an important part in instigating the reaction obtained.

Since the species specificity of the transplanted tissue was the

primary factor responsible for the reactions between graft and host,

the differences in these reactions, as found upon comparison of the

reciprocal grafts, must be ascribable to differences in the capacity of

this factor in the donor tissues to instigate reactions in the membranes
of their respective hosts. The more determined reactions obtained

from the chick implants, as compared with the duck, suggest that

either the species specificity factor of the former is the more potent of

the two, or the chorio-allantoic membrane of the duck is the more

reactive. In either case, it would be the donor that provoked the

reaction, the character of which would necessarily have to be a function

of the host. The reactions obtained in the reciprocal grafts, therefore,

differed. These results are well in accord with the statement made by
Loeb (1930, p. 572) that "if the relation between host and donor is

reversed, the results of transplantation, as manifested in the intensity

of the reaction against the transplant, do not need to be identical;

no simple reciprocity therefore exists. This can be readily understood,

if we consider that it is the host which reacts against the transplant,

and not the transplant which reacts against the host, or at least that,

under ordinary circumstances, we have no means of determining the

reaction on the part of the transplant against the host."
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Incidentally, it is difficult to understand how the donor tissue, with-

out reacting against the host, can provoke a reaction in tin- host, as

implied in the statement by Loeb, quoted in the previous paragraph.
As a matter of fact, an analysis of the process of incorporation, as it

occurred in the chorio-allantoic grafts of chick tiue on the duck,

suggests that the donor does react against the host. Although chorio-

allantoic grafting as a method for study of heteroplastic transplantation

may possess certain shortcomings, it has the advantage over other

methods in that the incorporation of the implant can be used as an

index of reactivity. The implant is carefully placed on the surface

of the chorionic epithelium, so that the epithelial tissue is involved

before the foreign transplant finally becomes lodged in the connective

tissue of the membrane. No actual mechanical injury, therefore, is

incurred by the host. This method is in contrast to that of subcu-

taneous transplantation, for example, as practiced with adult animals,

in which the implant is placed directly into the subcutaneous connec-

tive tissue, thereby mechanically assisting the process of incorporation.
In addition, since mechanical injuries to the recipient's tissues are

unavoidable results of this procedure, the incorporation of the im-

planted tissue cannot be used in the study of either host or donor

reactions. In the chorio-allantoic grafts under consideration, there-

fore, the process by which the implant was incorporated assumed

considerable importance. The only connection between the host and

donor tissues at the time of implantation was a physical contact be-

tween the surfaces of the implant and chorionic epithelium, and, it will

be recalled from the description of the results, that the epithelium

subsequently "engulfed" portions of the implanted tissue. Under

these conditions, the rate of incorporation was determined by two

opposing factors an apparently natural tendency for the epithelium
to react favorably toward the implant, as indicated by the manner in

which it "engulfed" parts of the implanted tissue, and the presence
of the species specificity factor in the donor tissue which inhibited the

"engulfing" activity of the host. Tin- amount of tissue incorporated

was apparently dependent on the relative effectiveness of these two

factors. In any event, the analysis has indicated that some of the

responsibility for the retarded incorporation rests with the reaction

of the transplant against the lut.

It has been emphasi/ed that the species specificity factor of the

donor tissue was of primary importance in causing the reactions in

the transplants; therefore further consideration must be given to the

M-emingly contradictory results obtained in the grafts of Series III,

in which fully differentiated, species specific tissue was not onlv readily
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incorporated, but even failed to call forth a reaction from the host.

From the results of the chick-on-duck transplants it was evident that,

insofar as its capacity for eliciting a host reaction is concerned, the

developing donor tissue passed through three stages: during the first,

which obtained previous to the development of species specificity, the

host and donor tissues were compatible; the second obtained during
the development of species-specific properties which caused a definite

reaction; and the third obtained subsequent to the appearance of

species specificity when no reaction occurred. Owing to the milder

response, these stages, although present, were not very apparent in

the duck-on-chick grafts.

Such an unusual sequence is not unparalleled among grafting

experiments, for an analogous situation was found existent in some of

the results mentioned by Loeb (1930) in a review of his theory of

organismal differentials. This author, referring particularly to the

intensity of the reaction which appeared against his transplants of

non-resistant tissues (e.g., thyroid, made between variously related

adults), as indicated by the lymphocytic infiltrations, stated that few,

or no, lymphocytes were found in autoplastic transplants. According
to Loeb's conception, the lymphocytic reaction is a response toward a

toxin produced by the transplant. Inasmuch as host and donor were

the same individual, and had identical individuality differentials

(chemical characteristics), no toxic substance was produced to attract

the lymphocytes. In homoplastic transplants, although the respective

individuality differentials of the host and donor differed, this difference

was not great enough to interfere with the metabolic activity of the

transplant. Sufficient toxin was produced, therefore, to call forth a

decided infiltration of lymphocytes. In heteroplastic transplants,

the individuality differentials of the host and donor were so different

that the body fluids of the former, acting directly on the latter, caused

degenerative changes therein. These changes interfered so extensively

with the metabolism of the implant that only a slight amount of toxin

was formed. As a result, the intensity of the lymphocytic reaction

was less pronounced, and appeared more slowly, than that which

appeared against the homoplastic transplants.

Insofar as the intensity of the reaction is concerned, therefore, the

sequence obtained in the chorio-allantoic grafts of developing meta-

nephric tissue not only seems to recapitulate the conditions described

in the preceding paragraph, but the explanation postulated by Loeb,
in consideration of his results, may also be applicable. The conditions

found in the chick-on-duck grafts of the first stage are comparable to

those found in the autoplastic transplants; no reactions occurred. In
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the grafts of the second stage, however, the intensity of the reactions

resembled that of the lymphocytes in the homoplastic transplants.

The individuality differential of the donor had developed sufficiently

to excite a reaction without interfering appreciably with its capacity to

live in the new environment. Furthermore, the implanted tissue,

because it was still undifferentiated enough to be plastic, could be

handled, etc., during the operative procedures without causing con-

siderable degenerative changes. Thus this metabolically active tissue,

perhaps through the agency of a toxin, affected the host tissues in a

decisive manner. In the final stage of the sequence, e.g., grafts of

Series III, true heteroplastic conditions were being approximated; the

development of the individuality differential (species specificity factor)

had reached completion. Even though the differentials of the host

and donor resembled one another less than in the previous stage, the

host was unresponsive toward the implant during the limited time it

remained on the membrane. As in the case of heteroplastic trans-

plants of Loeb, the intensity of the reaction was undoubtedly dimin-

ished because of degenerative changes that occurred in the implant.

To what extent the body fluids present in the chorio-allantoic mem-

brane of the unhatched host were capable of causing these changes is

doubtful. It is more than likely that the changes were caused by

injuries incurred during the operative procedure, since the plasticity

of the tissue had decreased considerably. In addition
,
vascularization ,

so essential to a differentiated, functional tissue, was necessarily

retarded because the process of incorporation, as it occurs in chorio-

allantoic transplants, at best, is relatively slow. Under such conditions

the implant could not have consisted of an actively metabolizing tissue,

and thus lacked the essential prerequisite for calling forth a reaction.

SUMMARY

1. Metanephric tissue from duck and chick embryos that were

approximately equivalent in development was transplanted to the

chorio-allantoic membrane of the chick and duck respectively. The

hosts, also, were in comparable stages of development.
2. A reciprocal relation was found to exist during the early em-

bryonic stages only. As development progressed this relation was

lost, to a large extent ; prominent differences occurred in the two types

of transplants. \Yheieas relatively slight or no reactions were ob-

served in the duck-on-chick grafts, intense reactions appeared in the

grafts of the reverse host-donor relationship.

3. The reactions appearing in the grafts were associated with the

development of the species specificity factor in the donor tissue.
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Its appearance in the chick tissue occurred at about the fourteenth

day of incubation.

4. The reactions which appeared as a result of the development of

the species specificity factor were: (1) a decided retardation of the

rate of incorporation of the implanted tissue; (2) possible expulsion

of the transplant from the membrane; and (3) the stimulation of

leucopoietic centers in the connective tissue of the surrounding host

membrane. These reactions, if present in the duck-on-chick grafts,

were scarcely observable because of their mildness.

5. It was demonstrated by these experiments that, although the

host reacted against the transplant, which obviously instigated the

reaction, it was also possible, as was shown by an analysis of the

process of incorporation, for the transplant to react against the host.

6. Seemingly contradictory results were obtained in the grafts of

fully differentiated, species specific tissue, in that the implants were

readily incorporated into the host membrane, without provoking a

reaction. Although no evidence was offered, an explanation of these

unusual results was suggested which was based on the theory of Loeb

(1930) that the reaction against a transplant is dependent, to a large

measure, on the active metabolism of the transplanted tissue.
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EXPERIMENTAL STUDIES ON THE NUPTIAL PADS
OF MALE TRITURUS YIRIDESCENS

CHARLES MARC POMERAT

(From the Biological Institute, Hamard University, and the Department of Biology,
Clark University)

During the breeding season the adult male Triturus viridescens

develops heavy black nuptial pads on the inner aspect of the femoral

area and toe tips. There is also a marked hypertrophy of the tail iin,

swelling of the cloaca, and development of the hedonic glands (Hilton,

1902). Adams (1932) reported the experimental production of leg-

pad development, tail-fin response as well as ovulation and moulting

following the administration of anterior pituitary extract (Phyone}
in this species. Increase in tail-fin size was not interpreted as a

secondary sexual character under the influence of the gonad since it

can be produced with Phyone injections in castrates. These results

have been confirmed by Dawson and Jimenez (1933) who, in addition,

demonstrated that the hedonic glands responded in the manner

characteristic of secondary sexual characters. Similar logic has been

applied by Adams (1931) in a study of the effect of intramuscular

injections of anuran pars anterior in immature T. cristatus. Here

dorsoventral expansion of the tail and head enlargement were produced
in both normal and castrated animals.

MATERIALS AND METHODS

The femoral pad is of value in experimental studies as an indicator

of the hypophysis-gonad-reproductive tract inter-relationship. The
writer was attracted to this area as a useful indicator for studies on the

Explanation of Figures

1. Ventral view of an animal in which its left femoral pad has been exchanged
with the skin of the pectoral area (autoplastic series) showing hypertrophy and

pigmentation of normal and transplanted tissue following six injections of pituitary

extract. Photograph taken three hundred and thirty-five days after graft was made.

2. Pectoral area of same animal at higher magnification.
3. Ventral view of a newt in which a femoral pad was grafted from another

animal of the same species to the pectoral region (homoioplastic series). Typical

response of secondary sexual characters was obtained for the normal host tissue

following seven doses of pituitary extract. The homoioplastic transplant shows no

corrugation or pigmentation. Photograph taken sixty-six days after transplantation.
4. Pectoral area of same animal at higher magnification.

50
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persistence of skin transplants. The general technique employed in

this work consisted in cutting out the entire femoral area from one limb

of an animal under chloretone anaesthesia and transplanting it to the

midventral line between the forelimbs. Upon stimulation with

intraperitoneal implants of frog anterior pituitary or an extract of

whole sheep gland it was possible to determine whether the grafted

tissue had persisted by referring to the pad of the uninjured leg.

Only sexually mature aquatic male newts were used. All experimental
animals were kept in aquaria at room temperature.

RESULTS

Autoplastic transplants were consistently found to persist un-

changed in eight animals after more than three hundred days. Figures

1 and 2 illustrate the results obtained in a typical case three hundred

and thirty-five days after autotransplantation. Stimulation of sec-

ondary sexual characters was brought about by means of six doses of

pituitary extract (whole sheep gland, Parke Davis and Company).
Each dose consisted of an intraperitoneal injection of 0.2 cc. of a 1-5

aqueous solution. Injections were made every second day. Adequate

response is evidenced (Fig. 1) by the development of hypertrophy and

pigmentation of toe pads and the normal (right) femoral area. The

left femoral pad is seen in the pectoral position and this appears typical

(Fig. 2).

In eight cases of homoiotransplantation the femoral pad was never

found to perist unchanged for more than sixty days. Progressive

removal or rearrangement of grafted tissue was evidenced by the

failure of characteristic hypertrophy of the transplanted pad tissue

following pituitary stimulation. Figures 3 and 4 illustrate a typical

Explanation of Figures

5. Ventral view of an animal one hundred and fifty days after amputation of left

limb. An autoplastic transplant of the femoral pad was made at the time of amputa-
tion. Graft shows a reaction similar to the normal right leg which serves as control

to the action of seven doses of pituitary extract.

6. Ventral view of an animal seventy days after amputation of the right limb.

An homoioplastic transplant of femoral pnl i issue was made at the time of amputa-
tion. The normal left leg shows characteristic reaction to seven doses of pituitary

extract but the homoiotransplant seems almost entirely resorbed.

7. View of the ventral aspect of the pelvic area and left limb regeneration seventy

days after amputation. The first toe shows definite development of pigmentation in

response to seven injections of pituitary extract.

8. Ventral aspect of regenerated limb three hundred days after amputation.
The form of the toes is not typical. Pigment pads have developed on all toes and

there is evidence of scattered masses of pad tissue along the post-axial margin near

the base of the limb.
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homoiotransplant in which the secondary sexual areas of the host

were undisturbed and have given characteristic reactions following
seven doses of pituitary extract. Photographic study at higher magni-
fication (Fig. 4) of the pectoral graft shows complete absence of pig-

mented tissue.

Both auto- and homoiotransplantations have been performed on a

series of animals in which limb regeneration was being studied. Con-
firmation of the results reported above was obtained (Figs. 5 and 6),

thus excluding the possibility that lack of persistence of homoio-

transplants might be due to the presence of pad tissue in excess of

the normal amount.

Femoral pads were never observed to regenerate following extir-

pation. Denuded femoral areas to which skin from the pectoral

region was transplanted failed to organize nuptial pads after more than

three hundred days (Fig. 1).

Following amputation, limbs were found to regenerate but in no
case were they found to equal the normal limb length nor were the

relative length and form of the toes typical. These results confirm

those reported by Collins (1932).

During regeneration the nuptial tissue was found to appear first

in the toe pads. A definite, pigmented area was observed on the first

toe tip seventy days after amputation (Fig. 7). Toe pigmentation
then proceeded serially in a post-axial direction. Definite pigmenta-
tion in the femoral area was first observed at the end of the three-

hundredth day of limb regeneration (Fig. 8). It was not possible to

determine whether this process extended proximo-distally or disto-

proximally.

SUMMARY

The femoral pads of the newt, Tritums viridescens, respond to

pituitary extract stimulation by characteristic hypertrophy and

pigmentation. Autoplastic transplants of pads were found to persist

intact after more than three hundred days while homoioplastic trans-

plants lost the capacity to exhibit normal reactions after sixty days.
This is not a function of the total amount of pad tissue present. Re-

generation of the femoral pads in denuded areas was never observed.

Regenerated limbs showed pigmentation of the first toe within seventy

days. Evidence of the reorganization of the femoral pad was noted

three hundred days after amputation.
It is a pleasure to acknowledge the helpful advice generously given

by Dr. A. B. Dawson and Dr. II. \V. Rand.
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OBSERVATIONS ON AN ENDAMCEBA PARASITIZING
OPALINID CILIATES

ROBERT M. M AI'.LER AND TZE-TUAN CHEN

(From the Zoological Laboratory, University of Pennsylvania, Osborn Zoological

Laboratory, Yale University, and the Marine Biological Laboratory, Woods Hole,

.\fussachnsetts)

INTRODUCTION

Endama'ba is well known as a parasite of Metazoa, hut it had not

been identified as a parasite of Protozoa until 1933, when a brief notice

of this remarkable phenomenon was published by Stabler. The

protozoans found infected with Endamceba were opalinid ciliates,

living in the rectum of frogs and toads.

The first observers of endamoeba? within the opalinids either did

not recognize them as parasites at all or identified them incorrectly.

Thus, Metcalf (1923) described them as "secondary" and degenerating

nuclei which he believed to be "abnormal" and "associated with

parasitism." Carini (1933a and b) recogni/ed them as parasites, but

thought they represented a new genus which he called Brumptina, in

honor of Professor Brumpt, who had seen but not identified the same

objects in 1913. Since Stabler (1933) recognized these "secondary
nuclei" and "Brumptina" asendamoebte, the report has been confirmed

by the recent observations of Carini and Reichenow (1935).

In the present contribution, we report further observations on the

endamcebse infecting opalinids from a number of different localities.

These observations have been supplemented by independent ex-

amination of the original preparations of Metcalf and Carini.

MATERIAL AND METHODS

The material consists of the following opalinids parasitized by
amoebae: Zelleriella hirsuta in Bufo cognatus cognatus from Flagstaff.

Arizona; Z. opisthocarya in B. marinus from Panama City, Panama;
zelleriellas in B. woodhousii from Somerton, Arizona and from the

vicinity of Tuba City, Arizona; and zelleriellas in Pleurodema bibroni

from the vicinity of Coquimbo, Chile. A number of other species of

anurans and their opalinids from different localities were also examined,

but no endamoeba? were found in them.

The ciliates containing the parasites were studied to some extent

in 0.8 per cent NaCl and in dilute Lugol's iodine solution, but mainly
56
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on smears fixed in warm Schaudinn's fluid containing 5 per cent of

glacial acetic acid and subsequently stained in Heidenhain's hamia-

toxylin. Some of the destaining was carried out in iron alum, some in a

saturated aqueous solution of picric acid.

All drawings were made with the aid of the camera lucida.

ORIGINAL OBSERVATIONS

General Description

The organism found living in the cytoplasm of these opalinids is

an Endamceba, with all the features characteristic of the genus. It

greatly resembles Endamceba ranarnm morphologically.

10
fa.

6

FIGS. 1-6. Late division stages in the endamoebae. For explanation see text.

Observed in the living condition, the amoebic appear as small

refractile bodies within the cytoplasm of the actively moving ciliates.

Due to their small size, they could easily be overlooked, as the opa-

linids turn and dart about. In the iodine solution, however, they

are easily discernible and their Endamceba characteristics readily noted.

The amoebae seem to have little or no effect on the ciliate. Not only

do the ciliates move actively about, but they also undergo normal

binary fission despite the presence of numbers of amcebae in their

cytoplasm (Fig. 22).
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Although a good number of species of anurans and their opalinids

from different localities have been examined, only certain species of

anurans from some localities and a certain percentage of these latter

individuals contain ciliates parasitized by the endamoeba?. Within

an individual anuran host, if the- opalinids are thus parasitized, a num-
ber of these ciliates may still IK- entirely free from the amoebae, some

harboring a single amoeba, others a number of them (Fig. 23) and still

others may have their cytoplasm filled with well over a hundred of

these parasites (Fig. 24).

The amoeba? are often seen lying in pockets in the cytoplasm of the

ciliates and occasionally two or more amo-Kr are found in the same

pocket (Fig. 10). The >pace between the amoebae and the cytoplasm

may represent, partially at least, a shrinkage space resulting from

fixation and dehydration. A number of amoeba' have been found

exerting such pressure on the nuclear membranes of the opalinids that

the membranes were markedly indented (Fig. 8). No amoeba has

ever been observed within a nucleus, however. Usually all the

amoebae in any one ciliate are in the same stage of development, i.e.

all cysts or all trophozoites (Figs. 22, 23, and 24).

DESCRIPTION 01 PLATES

I >ra \\ings all made with the aid of the camera lucida from material stained in

I leidenhain's h-i-matoxylin and destained in iron alum except where noted.

EXPLANATION OF PLATE I

FIGS. 7-18 are of the Endamceba living in the opalinids.
I-"K;S. 1')- 21 are of Endamceba nnnirnni.

IK;. 7. Tropho/oite in the periphery of Zcllcriclla showing ingested endo-

spherules.
I IG. 8. An amo'ba indenting the nuclear membrane of the ciliate.

I n ;. 9. Trophozoite, the nucleus of which shows an abundance of stainable

material about i lie karyosome. Destained in a saturated aqueous solution of

picric acid.

FIG. 10. Two anio-ba- in the same pocket.
I h,. 1 1. Two nuclei in the same amo'ba.
I IG. 12. An amrrba outside the opalinids. Note absence of food bodies ami

the abundance of stainable material in the center of the nucleus. Dest. lined in

picric acid.

FIG. 13. Ani'rba containing the S/j/itirila-Yike organisms. Destained in picric

acid.

I IG. 14. I loplio/oite showing the typical Endam&ba features.

FIG. 15. Typical ini'miK Irate c\ si within a Zelleriella.

FlG. 16. A very small tropho/oite. Destained in picric acid.

FIG. 17. Ouadrinucleate cyst outside the ciliates. Note the K. col i-like

chromatoids.
I IG. 18. On. idi imicleatc cyst outside the ciliates. Note the K. histolytica-l'ike

chromatoid. Dest. lined in picric acid. Compare with Fig. 21.

FIG. 10. R. ranarum trophozoite. Note ingested bacteria.

I K;. 20. Uninucleale cyst of E. ranarum.
I IG. 21. Quadrinucleate cyst of E. ranarum. Compare with Fig. 18.
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FIG. 22. A Zelleriella \n a late stage of binary fission, containing many endamoc-

bae. Cilia diagrammatic.
FIG. 23. A Zelleriella fairly well filled with the trophozoites of the Endamceba.

Cilia diagrammatic.
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Although then- may IK- these hundreds of amoeba* within the

ciliates, relatively few are found free in the lumen of the rectum of the

anuran host (Fig. 12). These latter are thought to represent amoebae

that have either escaped from, or been freed by the disintegration of

the ciliates.

Trophozoites

The amosba is a fairly small one; seventy-five nearly spherical

trophozoites taken at random from a number of different hosts range

in diameter from 5.3 /z-14.3 //, averaging 8.0 /z. Some ciliates contain

enormous numbers of very small amoeba1

only, while others harbor the

large forms.

The amoebae present typical Endamceba nuclei. In well-fixed

material there is usually a fairly even ring of peripheral chromatin at

the nuclear membrane (Figs. 7, 9, and 14). At times, however, this

ring is broken into masses and blobs (Figs. 10, 11, and 12). A karyo-

some, which frequently appears as a discrete granule surrounded by an

area of more lightly staining material (Figs. 7, 10, 11, and 14), shows

particularly well when the stain has been differentiated in iron alum.

After picric acid destaining this karyosome is usually less prominent
and the surrounding material more deeply stained (Figs. 9 and 12).

Occasionally two nuclei are found within the same amoeba (Fig. 11).

A number of dividing stages have been observed in the tropho-

zoites. However, only the later stages of mitosis have been recognized,

an anaphase being the first stage of which we are certain (Fig. 1).

In these later mitotic stages, in the mid-region of the elongating

nucleus, there appears to be the progression of a series of granules

from the nuclear membrane inward (Fig. 1). These granules do not

appear to contribute to the formation of the chromosomes. As the

daughter nuclei separate, this area of granules becomes larger (Figs.

2 and 3) and is finally stretched out as a "tail" from each of the

telophase nuclei (Figs. 4 and 5). These granules finally disappear

entirely and the reorganizing nucleus is featured by the layer of heavier

peripheral chromatin on the one side of the membrane and the de-

cidedly scarcer chromatin on the other (Fig. 6). This distribution of

peripheral chromatin is typical of all the late telophase nuclei. It

never entirely disappears from the nuclear membrane during mitosis.

The exact chromosome number could not be determined from our

material.

The question as to the food habits of these amoebae is a difficult one

to answer. They apparently feed on the endospherules of the opa-

linids, since these are the only inclusions noted in the trophozoites

(Fig. 7). The apparently identical amoebae found outside the ciliates

contain no solid food.
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PLATE III

I'll.. 24. Zelleriella opislhocarya containing over two hundred cysts of the

J:ii(l<iniu-l><i. Note iiiiiniicleate condition of the cysts, type of chromatoids, etc.

< 'ilia di.ii;raminatic.
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Cysts

The cysts are less variable in si/e and slightly larger on the average

than the trophozoites, though some trophozoites are larger than any

cysts. Seventy-five cysts measured, range from 7.7 /x-10.8 //, with an

average diameter of 9.4 /JL. Only the cysts within the ciliates were

measured.

One of the most interesting facts concerning the cysts of this

amceba is that, in our material, no single cyst in any ciliate ever con-

tains more than one nucleus. In one opalinid, there are over two

hundred 'cysts, all uninucleate (Fig. 24) and the only cases of more

than one nucleus per cyst occur in those outside the ciliates (Figs. 17

and 18). Although division stages have been observed in the tro-

TABLE I

Showing percentage infection of opalinids harboring the endamcebce

Anuran host
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parasitized, whereas among the large forms (averaging 230 ^ in length),

98 per cent are infected. A possible explanation of this interesting

phenomenon is available. It is a well-known fact that, previous to

encystment, there is a period in which the opalinids divide very rapidly,

giving rise to very small forms which later encyst. It is possible that,

TABLE II

Showing aniiran hosts, localities, etc. for opalinids known to harbor endamcebte

Anuran !
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Anuran Hosts Harboring Parasitized Opalinids and the Geographical
Distribution of these Hosts

Metcalf (1923) figured Opalina virgula from Polypedates maculatus

from Ceylon (Fig. 17 lc), a species of Zelleriella from Bufo woodhousii

from Utah (Fig. 98b, e and g) and Z. hirsuta from Bufo cognatus from

Arizona (Fig. 99c, d and e; Fig. lOOc), containing what he called

"secondary" and degenerating nuclei. The objects within those

opalinids we now know, as the result of our study of Metcalf's

original slides, to be identical with the endamcebae described here.

Carini (1933) described what he believed to be two species of organisms
in zelleriellas from Paludicola signifera and Engystoma ovale from Sao

Paulo, Brazil. These he was unable to identify and created for them
the new genus Brumptina. These likewise prove to be identical with

this Endamceba (Stabler, 1933; Carini and Reichenow, 1935). In a

recent report on the subject, Carini and Reichenow (1935) have found

the amoebae in Zelleriella brasiliensis from Leptodactylus ocellatus from

Uruguay. These, with the present authors' data, as shown in Table

II, constitute all the observations that to our knowledge have been

made on these amoebae.

We have examined frogs and toads from such widely separated
localities as Central and South America, Bermuda, the West Indies

and a number of places in the United States. From some localities,

large numbers of specimens of a given species of anuran have been

examined. The same species of anuran host from different regions

harbors opalinids infected with Endamceba in one locality and not in

another. Then, too, from any particular region some individuals of a

particular species of anuran contain parasitized opalinids, others do

not.

Parasites of the Endamcebce

In Pleurodema bibroni from Chile and Bufo marinus from Panama,
some of the endamcebae in the zelleriellas are parasitized by what ap-

pears to be a Sphcerita (Fig. 13). These organisms are small and

spherical, from one to fifty occurring in a single amoeba. Occasionally

they are found in the cytoplasm of the zelleriellas.

DISCUSSION

It seems surprising that, with the exception of the short account

by Stabler (1933) and the recent publication by Carini and Reichenow

(1935), no other description of this organism has been published in

which its true nature has been appreciated.

Carini and Reichenow are correct in believing Metcalf's Zelleriella

hirsuta from Bufo cognatus to contain endamcebae, but are mistaken in
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suggesting that the objects in Zelleriella sp. from B. woodhousii are

Sph&rita. They overlooked Metcalf's figure of the same bodies in

Opalina virgula (Metcalf, 1923, Fig. 171c).

From our examination of Carini's preparations, we can agree with

Carini and Reichenmv's (,1935) assertion that the Zelleriella from Pa-

ludicola sign ifera contains an Endamceba, an opinion recorded by
Stabler in 1933. Carini (1933) probably failed to recognize these

objects as anm l,i because of poor fixation and staining, but we have

found undoubted trophozoites (Fig. 30) and cysts (Fig. 31) within the

zelleriellas from his slides.

t nlike our own, Carini's preparations of opalinids from P. signifera

show an abundance of uni-, bi- and quadri-nucleate cysts free from the

ciliates (Figs. 32, 33, 34 and 35). As mentioned by Curini and

Reichenow, these cysts present essentially the same morphology as the

ones within the ciliates. We have observed, however, an additional

feature of these cysts in Carini's preparations not noted by the above

workers. The majority of the cysts outside the opalinids possess an

enveloping membrane outside of and apart from the cyst wall (Figs.

32, 33, 34, and 35). This was also noted as a feature of E. ranarum

by Sanders in 1931.

Concerning the trophozoites, Carini and Reichenow (1935) state

that, with one exception, they were never found free from the ciliates.

In Carini's own material from P. signifera the present writers have

EXPLANATION OF PLATE IV

Fi<;. 25. J-'.ndamwba trophozoite in Zelleriellti l/irsnta from Bufo cognalus, from
Metcalf's slide.

FIG. 26. Endamceba trophozoite in Zelleriella up. from Bufo woodhousii, from
Metcalf's slide. Due probably to unsatisfactory technique, the Endamceba charac-

teristics are not well shown in this animal.

FIG. 27. Endamceba trophozoite in Opalina woodhousii from Bufo woodhousii,
from Metcalf's slide.

FIG. 28. Endamceba trophozoite in Zelleriella sp. from Hyla nana, from Met-
calf's slide.

FIG. 29. J-jitlamceba trophozoite in Opalina virgula from Polypedatcs maculalus,

from Dobell's slide.

I IG. 30. Endamceba trophozoite in Zelleriella paludicolce from Palndicola sig-

nifera, from Carini's slide.

FIG. 31. Endamceba cyst in Zelleriella paludicolcc from Paludicola signifera, from
Carini's slide. Compare with Fig. 32.

FIG. 32. Endamceba cyst outside the ciliates from Paludicola signifera, from
Carini's slide. Note the single nucleus and extracystic membrane. Compare
with Fig. 31.

FIG. 33. Endamceba cyst outside the ciliates from Paludicola signifera, from
Carini's slide. Note the four nuclei .mcl extracystic membrane.

FIG. 34. Same as Fig. 33.

I Hi. 35. Endamceba cyst outside the ciliates from Paludicola signifera, from
Carini's slide. Note the two nuclei and extracystic membrane.



K\ DAM (KIM I'Ak ASI'I IX IXC OI'ALLXIDS 67

:

W:',

r 10jUL

30

PLATE IV



68 R. M. STABLER AND T.-T. CHEN

observed dozens of amtrbii- outside the opalinids. We also cannot

support Carini and Reichenow's assertion that no karyosomes can In-

seen in the nuclei of these amoeba? since this nuclear structure has been

found in our material. Then, too, in our slides the amoeba; inside the

ciliates are occasionally found filled with the endospherules of the

latter, in contrast to the above writers' findings that they were always
free of solid food.

Carini and Reichenow believed that, in their material, trophozoites

of the amoeba invade ciliaU's already containing the uninucleate cysts

and then proceed to phagocytize these cysts. Their figure of this is

unconvincing and we have seen nothing in any of Carini 's nor in our

own slides suggesting this phenomenon.
This brings us to the question of the specific name for this amoeba.

Carini and Reichenow believed it to be either identical with E. rananim

or a race or species derived from it. Stabler (1933) identified it as an

Endamceba, a decision confirmed by Carini and Reichenow (1935).

He gave it the specific name E. brasiliensis, since Carini (1933), who

gave the first description of these organisms, has designated B.

brasiliensis as tin- naim-of his first species of Brumptina (
= - Endama'ba).

It has since been recalled that Aragao in 1914 used the name E.

brasiliensis for what he considered to be a new amoeba from man. It

is generally agreed that Aragao's description deals mainly with

Endamceba coli, the name therefore being dismissed as a synonym of

the latter form. E. brasiliensis cannot, then, be revived for the form

described here and as Carini designated a second species of Brumptina,
B. paulista, this species name becomes the one available. If this is a

distinct species of amoeba, its name should then be Endamceba paulista

(Carini, 1933).

However, at the present time we do not attempt to establish its

specific identity, because the question as to its synonymy with E.

ranarum is still unanswered. It must be admitted that morphologi-

cally they are quite similar, presenting the extracystic membrane-,

rather similar chromatoids, etc. E. ranarum, however, is somewhat

larger, most writers (Sanders, 1931) stating that it ranges from 10^
-30 p. in diameter, while the range for the amoeba from the opalinids

is 5.3 /I-14.3 p.. Also the food of the latter organism seems to be

different. E. ranarum feeds readily on bacteria and debris in the

rectum of the anuran, while these amoebae, outside the ciliates, are

never observed to contain food and those in the ciliates contain ingested

endospherules only. In all probability infection experiments will be

necessary to finally establish its identity.

Still another question concerns the mode of entrance of the amoeba?
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into the astomatous opalinids. This process has never been observed

by us. It seems probable that one or a few amoeba1 may enter a

ciliate and the progeny eventually fill the host. They may enter the

ciliates when the rectal contents of the frogs and toads are rather dry,

this condition preventing freedom of motion on the part of the ciliates.

As it has been shown that the opalinids can divide successfully when

containing amoebae and that division stages have been observed in the

amoebae within the ciliates, these, too, may be important factors in

carrying on the infection.

It seems possible that the cysts of the endamcebae which have been

freed from the ciliates constitute an infective stage so far as the new
anuran host is concerned. They may be deposited in the ponds at

the breeding season and be available for ingestion, along with the

cysts of the opalinids, by the tadpoles. In the new anuran host we

again face the problem of the penetration of the rapidly swimming
ciliates by the slowly moving amcebse. It is also possible that the

amoebae may even be within the encysted opalinids and pass from adult

anurans to tadpoles with the latter.

Many other problems concerning this amceba remain yet to be

solved. Why do some ciliates contain such large numbers of very
small amceba- and is there any significance to be attached to these

small forms? Do the cysts always remain in the uninucleate condition

until released from the ciliates? What are the appearances of the

prophase and metaphase stages of mitosis? Would some races of

undoubted E. ranarum invade opalinids?

SUMMARY

1. Observations are presented on an Endamceba living in the

opalinid ciliates from anuran hosts.

2. Large numbers of frogs and toads from widely separated regions
have been examined. The endamcebae have been found in some of the

opalinids collected from the United States (Arizona and Utah), Pan-

ama (Panama City), Brazil (states of Sao Paulo and Rio de Janeiro),

Chile (near Coquimbo), Uruguay and Ceylon. In a given locality,

only certain species of anurans and a certain percentage of individuals

of a given species contain the parasitized opalinids.

3. Within some individual anuran hosts, 91 per cent of the ciliates

are infected. There may be a single, a few, many, or over a hundred
of these amoebae within a single opalinid. Usually in any one ciliate

all the amoebae are in the same stage of development, either cysts or

trophozoites.

4. The amoebae seem to produce no serious effect on the opalinids,
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as the latter swim actively about in the saline solution and were seen

to undergo binary fission even though heavily parasitized.

5. The trophozoites range in diameter from 5J yu-14.3 n, averaging

8.0 n. They appear to feed on the endospherules of the opalinids and

a number of dividing stages have also been observed in the tro-

phozoites.

6. The cysts are less variable in size and are slightly larger on the

average (9.4 M) than the trophozoites, though some trophozoites are

larger than any cysts. Only uninucleate cysts have been found within

the opalinids although uninucleate, binucleate and quadrinucleate

ones were found outside the ciliates. The chromatoids vary in appear-

ance; many are splinter-shaped, while others are bar-shaped. Gly-

cogen vacuoles are present in many cysts.

7. In the zelleriellas from Pleurodema bibroni from Chile and in

I->nfo marinus from Panama, some of the endamoeba* were invaded

by a Spharita-Yike organism, which was also observed in the cytoplasm

of some of the ciliates.
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FCRTHI.K STI DIES ON THE ENDAMCEB/E
PARASITIZING OPALIXID ( ILIATES

T/E-TUAN CHEN AND ROBERT M. STABLER

(From the Osborn Zoological Laboratory, Yale University, and the Zoological Laboratory,

University of Pennsylvania]

INTRODUCTION

In two previous papers (Stabler, 1933; Stabler and Chen, 1936)

we have described in detail the morphology of both the cysts and the

trophozoites of amoebae parasitic in opalinids. In the present note, we
wish to report additional genera and species of opalinids infected, the

geographical distribution of the amoebae, and a method of transmission

of amoebae from adult anurans to tadpoles. A summary of this paper
has been published as an abstract (Chen and Stabler, 1935).

MATERIAL AND METHODS

The present report includes observations on the following genera

and species of opalinids parasitized by the amoebae: Protoopalina

stevensoni, P. nutti and P. regularis, all in Bufo regularis regularis

from Cairo; P. quadrinudeata in Rana planeyi from Peiping; zelleriellas

in Bufo mar-inns from several localities in the state of Sao Paulo; Ce-

pedea longa in Rana limnoclniris from Nanking; and Opalina woodhousii

in Bufo ivoodhonsii from Arizona. A number of other species of opal-

inids were also examined l>ut found to be free from the parasites.

Most of the material was secured in the following way. The

opalinids, after being smeared on the cover glasses, were immediately
fixed in warm Schaudinn's tluid containing 5 per cent of glacial acetic

acid. This was done in the localities where the different anuran hosts

were found and the smears, after being gradually dehydrated, were

preserved in 70 per cent alcohol and shipped to us. The ciliates were

then stained in Heidenhain's hiematoxylin, the destaining being carried

out mainly in picric acid, although some smears were destained in

iron alum.

All drawings were made with the aid of the camera lucida.

OBSERVATIONS AND DISCUSSION

Studies on additional material obtained from distant localities

have revealed the fact that the endamceba.' living in the opalinids have

a very wide geographical distribution. The animals have been found

in some of the opalinids collected in Egypt (Cairo), China (Nanking
72



EXPLANATION OF PLATES

Drawings all made with the aid of the camera lucida from material stained in

Heidenhain's haematoxylin. N = nucleus of the opalinid host, A = the parasitic

amoeba.

PLATE I

FIG. 1. Trophozoite of Protoopalina quadrinucleata containing many amoebae.

FIG. 2. Trophozoite of Protoopalina stevensoni containing many amoebae.

FIG. 3. Trophozoite of Protoopalina nutti containing many amoebae.
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PLATE II
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FIG. 4. Trophozoite of Cepedea longa showing presence of many amccbae.

FIG. 5. Area from Fig. 4 drawn at a high magnification in order to show the

details of the ama-bae.

FIG. 6. Trophozoite of Opalina woodhousii showing presence of numerous
amoebae. Cilia diagrammatic.
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and Peiping), Ceylon, the United States (Utah and Arizona), Panama

(Panama City), Brazil (the states of Sao Paulo and Rio de Janeiro),

Uruguay and Chile (near Coquimbo). The localities cited in our

previous paper (Stabler and Chen, 1936) are included in the present

list.

The presence of endamcebae in two genera of the Opalinidae

Zelleriella and Opalina has already been reported by us, but further

studies have shown that different species belonging to all four genera

of the family may be parasitized (Figs. 1-6). In the previous paper

(Stabler and Chen, 1936) there were listed eight species of Zelleriella

and two species of Opalina as being infected and in the present study,

TABLE I

Showing percentage of infection for opalinicls harboring endamo?bse. (For a

list of other opalinids infected and their percentage of infection, see Tables I and II,

Stabler and Chen, 1936.)

Anuran host
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contain opalinids parasitized by amoeba1

,
whereas others are free from

the parasites. There is a great range of variation in the percentage

infection of opalinids among individual anuran ho^ts (Table I).

The zelleriellas in some individuals of Bufo marinus from Taubate,

State of Sao Paulo, Brazil, are 100 per cent infected, whereas in Rana

plancyi from Peiping only a few specimens of Protoopalina quadrinn-

cleata contain any amoebae. It is difficult to explain such an unusually

low percentage of infection in this Protoopalina.

In some anuran hosts, when their opalinids are very heavily

parasitized, the small, precystic forms also contain numbers of amcebse.

The encysted ciliates, when present in these anuran hosts, may also

harbor the parasites. In the preparations of Protoopalina nutti in

Bufo regularis regular-is from Cairo and zelleriellas in Bufo marinus

from Taubate, annrb.r have been observed within the opalinid cysts

(Figs. 7 and 8), lying in the cytoplasm of the ciliates. In the opalinid

I

O/u- 20 ju-

FIGS. 7 and 8. Cysts of opalinids containing amoeba?.

FIG. 7. Cyst of Zelleriella sp. from Bufo marinus containing four amoebae.

FIG. 8. Cyst of Protoopalina nutti containing three amoebae.

cysts only trophozoites of the amoeba have been found. Such para-

sitized encysted opalinids were particularly numerous in the Bufo

marinus material; in one individual host nearly 100 per cent of the

cysts were infected. These cysts contain from one to seven amoebae,

although tjie majority harbor only two, three, or four of them. On

one slide, for example, out of 205 cysts taken at random, 67 contain

3 amoebae per cyst, 65 contain 2, 32 contain 4, 23 contain only one,

15 contain 5, 2 contain 6, and only one cyst contains none.

It seems likely that the presence of amoeba- within the encysted

opalinids constitutes an important method of transmission of amoeba;

from adult anurans to tadpoles, thus establishing infections in the new

generation of anurans. During the breeding season of frogs and toads,

the opalinid cysts containing the amoeba1

; may be extruded and de-

posited in the ponds. The young tadpoles, browsing at the bottom
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of the pond, may ingest the parasitized opalinid cysts together with

diatoms, other alga?, and debris. The encysted opalinids (carrying the

amoebae in their cytoplasm), after reaching the intestines of the tad-

poles, escape from the cysts and later develop into trophozoites,

probably still containing the amoeba?. Thus the amoebic infection of

the opalinids may become established in these young anurans.

SUMMARY

1. The amoebae parasitic in the opalinid ciliates have a very wide

geographical distribution, being found in Egypt, China, Ceylon, the

United States, Panama, Brazil, Uruguay and Chile.

2. Different species belonging to all the four genera of the family

Opalinidae Protoopalina, Zelleriella, Cepedea, and Opalina have been

found parasitized by the amoebae.

3. There is a great range of variation in the percentage infection

of opalinids in different individual anuran hosts. In some hosts it

may be as low as 2 per cent, whereas in some others 100 per cent of the

opalinids may be infected.

4. The amoebae have been found within numerous opalinid cysts.

Each cyst may contain one to seven amoebae although the majority of

cysts harbor only two, three, or four of them. The presence of amoebae

in the encysted opalinids probably constitutes an important method of

transmission of amoebae from adult anurans to tadpoles.
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THE EARLY DEVELOPMENT OF ASCIDIAN EGGS

ARTHUR COHEN AND X. J. BERRILL

(From the Department of Zoology, McGill University, Montreal)

INTRODUCTION

The eggs of asoidians have been a favorite material for investiga-

tion for many years. Owing to the presence of extra-oval membranes,
observations on the nude egg were not possible. This difficulty was

finally overcome by the method of Berrill (1932), who observed that

hatching was partially effected by the digestion of the membranes and

experimented to discover a readily accessible source of suitable en-

zymes. Effective enzymes he found were contained in the stomach

juices of certain Crustacea, for example the crab, 'Munida. As a

result of this discovery, it is now possible to obtain any desired quantity
of nude eggs.

MATERIALS AND METHODS

The observations described below were made on the egg of the

ascidian, Ascidiella aspersa, obtained in the vicinity of Plymouth,
either at Mill Bay Docks or at the Salstone (Salcombe) and Phallusia

mammillata obtained at the Salstone during the months of May and

June, 1935. As soon as was possible the ascidians were placed in

basins through which sea water was circulated. Under these condi-

tions eggs capable of producing larva? could be obtained for at least

several days. Of the stains used Clark-Lubs sulphthalein group,
Nile Blue Hydrochloride and Neutral Red only the latter two were

found able to penetrate the egg. The Clark-Lubs group will not

penetrate even after several hours, nor will they penetrate when the

medium is changed to isotonic NaCl solution.

To obtain the eggs the integuments overlying the oviduct were re-

moved carefully with a small pair of forceps, the oviduct punctured with

.1 -lei ilc stcrl mvdlc, the eggs withdrawn with a pipette and placed at

once in a small glass dish containing sterile filtered sea water. The
egg membranes were then removed with the stomach juice of the crab

'The observations recorded here were made at the Laboratory of the Marine

Biological Association of the United Kingdom, while holding the Moyse Travelling

Scholarship of Mcfiill University. I wish to express my gratitude to Professor J.

Stanley Gardiner, F. R. S., for his kind permission to occupy the Cambridge Table,
and to Dr. E. J. Allen, F. R. S., and the staff of the Laboratory for their willing and
courteous cooperation at all times.

78
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Munkla, according to the method described by Berrill (1932). With
a dilution of one part Munida stomach juice to fifty parts sea water

the membranes were readily digested off and the previously floating

eggs then sink to the bottom of the dish. The resulting nude eggs
when washed with fresh sea water were capable of giving perfect

development.
The stains were made up in 0.5 per cent concentration in distilled

water. About one drop was sufficient to give a faint coloration to

15-20 cc. of sea water, into which the nude eggs were then introduced.

Ten to fifteen minutes were sufficient to give the egg a distinct and
characteristic stained appearance. The eggs were then transferred to

fresh sea water; they retained the stain throughout the development
of the egg.

polar
bit

FIG. 1. Nude egg of Ascidiella aspersa vitally stained with Nile Blue. The
dots indicate the limits and density of the stain, (a) unfertilized egg; (6) 18 minutes

after insemination; (c) 21 minutes after insemination the first polar body has been

extruded; (d) 24 minutes after insemination, the egg has returned to a spherical
condition.

Sperm was obtained directly from the spermduct in a manner
similar to that described above for obtaining the eggs. Fertilization

was effected by adding the sperm to the dish containing the stained

eggs. After about five minutes the eggs were washed free from sperm.
A binocular dissecting microscope was used and when necessary a

camera lucida. All observations recorded were made on the living

egg.

BEHAVIOUR OF STAIN FROM FERTILIZATION TO FIRST

POLAR BODY

The appearance of a stained unfertilized egg of Ascidiella aspersa
is shown in Fig. 1, a. There is present a peripheral deeply-stained

layer extending inward for about one-third of an egg radius. The
central part of the egg stains much less intensely and is well marked
off from the peripheral zone. This is even more strikingly evident in
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oJhfri'n oo/or o/A
bo/or body

b

5.52. C
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oo/or
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bo/ar Lady

FIG. 2. Nude eggs of Ascidiella aspersa following fertilization showing the

relationship between an adhering particle and the polar-pit, and the same particle

to the first polar body. The figures indicate the time in hours and minutes of the

observations, (o)-(i) records of one egg; (j)-(/) records of a second egg.
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(he egg of Phallusia. The egg presents the same appearance from all

aspects with but one exception. This is the presence of a minute,

unstained area, the "polar pit" ("la tache polaire," Dalcq, 1932), on

the periphery of the egg, which shows up clearly against the stained

background. About 18 minutes after insemination the egg loses its

spherical shape and becomes somewhat flattened in the region of the

"polar pit." At the same time the stain disappears from the region of

the egg just beneath the flattened part (Fig. 1, b). The flattening

and loss of stain occur very rapidly, requiring only a few seconds.

Coincident with these changes the stain in the remainder of the egg no

longer remains distinctly separated into peripheral and central regions

but assumes a homogeneous distribution. About two minutes after

these changes the first polar body is cut off from the clear flattened

area. The egg has become somewhat elongated in what can now be

identified as the animal-vegetal axis (Fig. 1, c). At the same time it

can be seen that there is present a thin peripheral layer in the vegetal

pole which is clear and unstained. From its position this clear cap
seems to correspond to the "milky or yellowish crescent" observed by

Tung (1932) on this egg, and possibly to the yellow crescent in the egg
of Styela partita (Conklin, 1905). A few minutes after the polar body
is extruded the egg returns to a spherical condition and the stained

and unstained areas are clearly seen (Fig. 1, d).

DETERMINATION OF THE SITE OF POLAR BODY FORMATION

Dalcq (1932) has described the "polar pit" as the site of formation

of the second polar body, and adds in a footnote (p. 229) that he has

never observed more than one polar body ("globule") cut off. The
latter statement is contrary to the present authors' observations, for

numerous eggs were observed with two or even three polar bodies

present, the latter condition no doubt indicating that the first polar

body had divided. However, the polar bodies are very readily

knocked off when the egg is manipulated and it is only rarely that all

three polar bodies are seen on the egg. Furthermore, the method

employed by Dalcq to remove the egg membranes, by the use of finely

pointed forceps (p. 227, op. cit.~), is doubtless a tedious and laborious

method so that the number of eggs investigated by this author was

probably small, whereas by the method of digesting off the membranes
as was used in the present investigation, hundreds of nude eggs were

easily obtained for observation. Nor was it possible to confirm the

statement that the polar-pit is the site of the second polar body (or

of the first). As was mentioned above, the area containing the un-

stained polar pit loses its stain shortly before the polar body is cut off
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so that it was not possible to observe the relationship between polar-

pit and polar-body directly. However, if the relationship between

the polar-pit and some fixed point on the egg could be determined

before the polar-body were formed, and this same fixed point compared
with the newly-formed polar-body, the polar-pit and polar-body
should both bear the same relationship to the fixed point on the egg, if

there is an identity of site between them. This was tested in the

following manner.

Unfertilized nude eggs of Ascidiella aspersa are stained with Nile

Blue. After washing the eggs, sperm was added, about five minutes

allowed to elapse, the eggs washed free from sperm and placed in a dish

under a binocular microscope. Then it can be seen that particles have

adhered to some of the eggs. An egg to which a suitable particle has

become attached is selected and kept in the centre of the field, and a

camera lucida drawing is made showing the position of the adhering

particle and the polar-pit. Upon the appearance of the first polar-

body another drawing is made to show the position of the particle and

the polar-body, and the drawing compared with the previous one.

Figure 2, a-i shows a series of drawings of the same egg from five

minutes after insemination to the first cleavage. Inspection of these

drawings reveals at once that the small angle formed by lines joining

the adhering particle and polar-pit to the centre of the egg does not

compare with the considerably larger angle formed by the lines joining

the particle and polar-body to the centre of the egg. Figure 2, j-l

shows another egg in which again the above-mentioned condition

obtains. Observations on several other eggs gave similar results. In

one case the angle before and after polar-body formation was approxi-

mately the same, but this is to be expected occasionally if, as the above

drawings suggest, there is no relationship between the site of the polar-

pit and the polar-body.

Now, as will be described below, the egg undergoes a series of

changes in shape from just before the formation of the polar-body to

the time of first cleavage (Fig. 3). It might be expected, then, that the

apparent change in the angle before and after polar-body formation

was due to movement of the particle over the surface of the egg due to

movement of the surface layer of the egg to which it adheres. But

this is hardly likely to be the case, since the change in shape which the

egg undergoes before polar-body formation is a simple flattening and

elongation, whereas from the time of polar-body formation to first

cleavage the egg undergoes many and varied changes, yet during this

period the relationship between particle and polar-body remains the

same, as is seen from Fig. 2, c-4.
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a IS b

SB o
FIG. 3. Changes in shape of the nude egg of Ascid-iella aspersa from fertilization

to just before first cleavage. The figures indicate the time in minutes following
insemination.
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Since Dalcq accepted the site of the polar-pit as being identical

with that of the polar-body and used it to orient the eggs for cutting,

it follows that some doubt is thrown on the validity of his conclusions

regarding the localization of presumptive germinal regions in the

unfertilized egg of Ascidiella aspersa, although, of course, not on the

existence of such presumptive regions.

OIANC-KS IN EGG SHAPE FROM FERTILIZATION TO FIRST

CLEAVAGE

Changes in the shape of an egg from the time of insemination to the

first cleavage have been recorded. Recently Hoadley (1934) has

given an account of such changes in the egg of Nereis and has related

the movements to definite intervals from insemination to first cleavage,

finding that the most marked changes in shape occur from the time

of insemination to the breakdown of the germinal vesicle, but after

being interrupted by "rest intervals" the changes continue to the time

of first cleavage. Whereas the above observations were made on the

egg of Nereis enclosed in its membrane, the observations recorded here

were made on nude eggs.

The egg of Ascidiella aspersa, wrhen removed from the oviduct,

is enclosed by two membranes, separated by a space. The inner

membrane adheres closely to the surface of the egg so that when

development occurs with these membranes intact no changes in shape

of the egg can be observed. However, if a nude egg be observed from

the time of insemination to first cleavage, definite and marked change-

in shape may be seen. The egg remains spherical until within about

two minutes of polar-body formation, when it becomes flattened and

somewhat elongated. This elongation is even more marked im-

mediately following the extrusion of the polar-body, which occurs

about twenty minutes after insemination (Fig. 2, a-c). About three

minutes after the first polar-body is cut off, the egg returns to a spheri-

cal shape (Fig. 3, d) but this condition is not retained for long, the egg

then undergoing a series of deformations. Figure 3, e-i shows the

changes which occur from 31 to 35 j/2 minutes after insemination. One

half-minute later the egg has returned to a spherical condition (Fig.

3, j). A minute or two later the egg again loses its spherical shape,

flattening at the animal pole, and the second polar body is cut off (Fig.

3, k). From the time of formation of the second polar-body to first

cleavage the egg continues to undergo changes in shape, returning to a

spherical or nearly spherical condition from time to time. Figure 3,

l-q shows the changes in shape in the latter period at intervals of a few

'minutes.
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The cause of these changes was not investigated experimentally.

Unlike the egg of Nereis, the germinal vesicle of the egg of Ascidiella

aspersa is ruptured upon entering the oviduct, hence before fertiliza-

tion. Consequently the changes in egg shape cannot be referred to the

rupture of the germinal vesicle. Nevertheless, it appears likely that

the changes in shape are associated with a transitory decrease in

viscosity of the protoplasm. At the same time the surface membrane
of the egg must possess considerable elasticity despite its great

delicateness, as is evidenced by the facility with which it is ruptured

upon handling to be able to undergo such changes as are shown, for

example, in Fig. 3, n.

HISTORY OF STAIN FROM FIRST POLAR BODY TO TADPOLE

After the first polar body has been extruded and the egg has

returned to a spherical condition, there is present a clear unstained

cap of protoplasm at the animal pole and a thinner clear protoplasmic

cap at the vegetal pole; the remainder of the egg appears to be homo-

geneously stained (Fig. 4, a). Some ten odd minutes before first

cleavage the centre of the stained egg becomes less deeply stained and

finally almost clear, and is the first indication that the nucleus is pre-

paring to divide. This clear area extends across the egg at right angles

to the plane of the first cleavage, and at the same time the beginning of

cytoplasmic cleavage becomes evident (Fig. 4, b-c). During these

changes which lead to the first cleavage it is not possible to identify

definitely the clear vegetal cap, but with the formation of the two-cell

stage it is seen that it has divided so that each of the two blastomeres

possesses a clear cap of protoplasm at the vegetal pole (Fig. 4, d}.

The latter figure also shows that the stain has become largely restricted

to the vegetal part of the egg, only extending towards the animal pole,

but not completely covering it, as a thin pheripheral layer. After

the second cleavage the clear cap of the vegetal pole can no longer be

followed. Figure 4, e shows a four-cell stage from the animal pole;

the stain appears to be distributed about the periphery of each of the

blastomeres with the exception of a narrow neck of unstained proto-

plasm joining the clear central mass of protoplasm of the anterior and

posterior blastomeres of each side. The stain is not as intense in the

anterior blastomeres and in some specimens appears not to cover

completely the animal portion of the anterior blastomeres. Probably
the correct interpretation of the discrepancy in the distribution of the

stain in the anterior blastomeres is that the stain is present in the

vegetal part but not in the animal part.

In the eight-cell stage (Fig. 4, /) the four animal blastomeres are
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o/a-r fcoa

FIG. 4. Nude egg of Ascidiella aspersa vitally stained with Nile Blue. The dots

indicate the distribution of the stain, (a) about three minutes after the first polar

body has been extruded; (6)-(c) early stages of first cleavage; (d) two-cell stage; (e)

four-cell stage from the animal pole; (/) eight-cell stage, (g) sixteen-cell stage, viewed

as a transparent object; (h) approximately sixty-four-cell stage, viewed as a trans-

parent object; (i) twenty-four-hour tadpole.
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almost devoid of stain, which is mainly confined to the vegetal blasto-

meres. Figure 4, g-h shows a 16-cell stage and an approximately
64-cell stage respectively, viewed as transparent objects. It is evident

that the stain has become almost entirely restricted to the future

endodermal and chordal regions. This conclusion is borne out by the

distribution of the stain in the 24-hour tadpole (Fig. 4, f), from which

it will be seen that the stain is present in the endoderm (gut) and the

notochord, the latter being somewhat less densely stained than the

former.

SUMMARY AND CONCLUSIONS

1. The observations recorded are on the living nude eggs of

Ascidiella aspersa and Phallusia mammillata, as obtained in the

vicinity of Plymouth and stained with Nile Blue and Neutral Red.

2. In the unfertilized egg the periphery of the egg stains more

intensely than the central region, the boundary between the two

regions being usually well-defined. One minute area of the periphery
remains clear and unstained this is the so-called "polar pit."

3. The statement by Dalcq (1932) that the "polar pit" marks the

site of the second polar body could not be confirmed. On the contrary,

evidence is presented which strongly indicates that there is no relation-

ship between the site of the "polar pit" and the site of extrusion of the

polar body. This observation throws doubt on Dalcq's conclusions

regarding the topography of presumptive germinal regions in the

unfertilized egg, though, of course, not on their existence.

4. The changes in shape which the egg undergoes from the time of

insemination to first cleavage are recorded. The changes start with a

flattening of the egg about two minutes before the first polar body is

extruded. About three minutes after the latter event the egg returns

to its spherical shape. Shortly afterwards the egg undergoes a series

of deformations which last until the first cleavage, being interspersed

with periods during which the egg returns to a spherical condition.

The changes in shape indicate that the extremely delicate egg membrane
nevertheless possesses a high degree of elasticity.

5. Just before the first polar body is cut off the distribution of the

stain changes. With the formation of the first polar body it is seen

that there is present a cap of clear unstained protoplasm at the animal

pole, and a thin cap of clear unstained protoplasm at the vegetal pole.

In the young tadpole the stain is found to be confined to the endoderm

(gut) and notochord. It seems probable that the movements of the

stain indicate the changes which the presumptive chordo-endoplasm

undergoes from the unfertilized egg to the time when it becomes de-

finitive endoderm and notochord in the young tadpole.
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STUDIES OF THE MITOTIC FIGURE
V. THE TIME SCHEDULE OF MITOTIC CHANGES IN DEVELOPING

ARBACIA EGGS

HENRY J. FRY

(From the Department of Anatomy, Cornell University Medical College, New York, and
the Eli Lilly Research Laboratories, the Marine Biological Laboratory, Woods Hole,

Massachusetts}

PURPOSE OF THE STUDY

In order that the physiological variations so frequently studied

in developing Arbacia eggs may be related to the accompanying

cytological changes, this paper reports the time schedule of the

mitotic events from fertilization to third cleavage.

It is well known that the presence of pigment granules in the

living eggs of Arbacia punctulata makes it difficult to determine the

exact time when many of the cytological changes occur. The time

schedule can be worked out completely only in fixed eggs. The facts

thus obtained, however, can readily be applied to experiments with

living eggs, because, in any given egg-set, as will be demonstrated

later, there is a constant relation between the time when it divides

and when each mitotic stage occurs. In other words, one can subject

Arbacia eggs to experimental treatment at various intervals after

fertilization, and, having determined the cleavage time, can by the

use of such a time schedule calculate the mitotic stage which was

present at the time of treatment.

THE MITOTIC TIME SCHEDULE OF ARBACIA EGGS

The egg-set of one female was employed in the present study, and

eggs were fixed at close intervals with Bouin's reagent. The tempera-
ture was kept at 20 0.2. The material was sectioned at a thickness

of 5 /z, and stained with Heidenhain's h?ematoxylin. At each interval

of fixation 100 eggs, chosen at random, were studied at a magnification
of 600 X, to determine the mitotic phases present.

The data are presented numerically in Table I, and in graph form

in Chart 1. Photographs of living eggs are also shown, in Plate I.

In making a mitotic time schedule, the manner in which the

various stages are defined is an important factor. For example, in

the present study telophase (Fig. 8) is considered as beginning when
the solid anaphase chromosomes have become numerous small vesicles,

89
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and as ending when they have fused to form a single nucleus ; the resting

phase (Fig. 9) begins there and ends when the prophase chromosomes

appear. During both phases the asters gradually fade; they are less

clearly organized during telophase than during anaphase; and they

become exceedingly vague during the resting condition, finally disap-

pearing just as the new prophase asters arise. However, these two

phases might also be defined in terms of changes in the asters, as well

as in the nuclear materials, in which case both might be regarded as

TABI.I-: I

The mitotic time schedule of Arbacia eggs from fertilization to third cleavage. The

eggs of but one female were used. The temperature was 20 C. 0.2. One hundred

eggs are reported at each interval of fixation (Bouin's fluid); hence the number of

eggs in each phase is its percentage of the total. The figures referred to are shown

in Chart 1.

Pronuclei and sperm-aster

Minutes after fertilization
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TABLE I (cont'd)

Third-cleavage figure

Minutes after fertilization
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Antiphase, early, begins with the separation of the metaphase chromosomes and
ends when they have moved about halfway toward the spindle-ends.

Anaphase, late, begins with the latter condition, and ends when the chromosomes
have reached the spindle-ends, still in the form of typical densely staining rods.

During anaphase the asters attain their maximum size and distinctness.

Telophase, early, begins with the vacuolization of the chromosomes, accompanied
by their reduced capacity to stain with Heidenhain's haematoxylin. It ends when
the fusion of the vacuoles has proceeded about halfway.

Telophase, late, includes the period of the final fusion of the vesicles, and ends
when the single rounded nucleus is fully formed. During telophase the aster begins
to disintegrate; the fixed rays are more irregular in shape and less distinct than
those of anaphase.

The resting stage covers the period when the nuclear materials have the form
of a typical nucleus; none of the substances stain with Heidenhain's haematoxylin.

During this time the asters continue to fade; they disappear about the time when the
next prophase asters arise.

The method of defining mitotic phases is not the only cause of

discrepancy in making mitotic time schedules. If counts are made
only at five-minute intervals, the exact point when a given phase
occurs in greatest numbers may not be ascertained

; again, it is difficult

to decide to which phase to assign an egg in a transitional stage
between two phases; furthermore, if not more than 100 cells are

counted at each interval, a certain error is involved.

VARIATION IN THE MITOTIC TIME SCHEDULE OF ARBACIA EGGS

The variability in behavior among the egg-sets of different Arbacia

females is well known. "... freshly shed eggs, from freshly collected

individuals, vary widely in a number of morphologic and physiologic

traits, such as size, color, shape of eggs, amount of jelly, duration of

agglutination, rate and manner of membrane formation, rate and

percentage of segmentation, etc." (Goldforb, 1929, p. 350.)

The time of cleavage of the egg-sets of 88 females is presented in

Table II. As these data show, there is a variation of about 10 per
cent in the cleavage time of different egg-sets obtained from females

collected at the same time and place, fertilized simultaneously, and
allowed to develop under identical laboratory conditions.

Seasonal variation is also apparent. The egg-sets of the 61 females

studied during August have an average cleavage time of 46.6 minutes,
while that of the 27 egg-sets studied in September is 50.4 minutes a

fluctuation of about 8 per cent.

The effects of changes in temperature upon time of cleavage need
no comment. Under ordinary conditions at the Marine Biological

Laboratory, the temperature varies from about 18 to 25 C. during
the Arbacia season. Cleavage time within this range varies from 40

to 68 minutes (Loeb and Wasteneys, 1911) a difference of more than

50 per cent. Harvey (1932, pp. 149-150) has summarized the results

ot other studies of temperature effects.
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THE APPLICABILITY OF THE PRESENT DATA TO STUDIES OF

ARBACIA EGGS GENERALLY

Since Arbacia eggs vary so greatly in cleavage time under various

conditions, the usefulness of any time schedule of mitotic events will

depend upon whether or not there is any constant relationship between

the time when each mitotic phase occurs and the cleavage time.

That there is such a constant relationship is shown by the data of

Table III, which presents the mitotic time schedules of the first-

cleavage figure in five egg-sets, in which the experimental conditions

differ as to year, time of season (July 6 to September 20), and tem-

perature (from 15 to 25 C.). Regardless of the length of the cleavage

cycle in these sets, the time when each mitotic phase occurs is the same

percentage of the cleavage time. The minor deviations are random in

nature and due to experimental errors.

Not only do the various mitotic phases of the first-cleavage figure

in the present study occur at the same, or practically the same, per-

centages of cleavage time as the four other studies reported in Table

III, but in the case of three of those studies the data available (but

not reported) show a similar constant relationship between the phases
of the sperm-aster and of the second-cleavage figure. Hence the data

of the present study can be applied to Arbacia eggs generally. The
various mitotic phases occur at the following percentages of cleavage
time:

Pronudei and Sperm-aster

Early (Fig. 1) 7 per cent of cleavage time

Middle (Fig. 2) 1 7 per cent

Late (Figs. 3 and 4) 43 per cent

First-Cleavage Figure

Prophase (Fig. 5) 72 per cent

Metaphase (Fig. 6) 85 per cent

Anaphase (Fig. 7) 93 per cent

Fifty per cent first cleavage 100 per cent

Telophase (Fig. 8) 101 per cent

Resting (Fig. 9) 112 per cent

Second- Cleavage Figure

Prophase (Fig. 10) 136 per cent

Metaphase (Fig. 11) 147 per cent

Anaphase (Fig. 12) 152 per cent

Fifty per cent second cleavage 155 per cent

Telophase (Fig. 13) 161 per cent
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METHODS OF SECURING ARBACIA EGGS WHICH HAVE THE
SAME MITOTIC TIME SCHEDULE

In many studies of Arbacia eggs variations in the cytological time

schedule from one egg-set to another arc of no significance. But
where modifications in physiological factors are to be related to mor-

phological changes, it is important to know the times of such changes
as accurately as possible. If the egg-set of a single female is insuf-

ficient for an experiment, it is desirable that the several sets used have
similar time schedules. Furthermore, it may be advisable that the

eggs used in successive daily experiments are similar in this respect.

PLATE I

Photographs of the major mitotic configurations seen in living Arbacia eggs
from fertilixation to first cleavage.

The prints are from moving picture films made by the writer (Figs. 19 and 20)
and by Professor Robert Chambers (Figs. 21 and 22), both with the aid of Mr. C. ('..

Grand. Figures 21 and 22 were taken under slight compression, which makes the
structure more visible than it usually is. The photographs were made at a magnifica-
tion of 250 X, and are here reproduced at 460 X.

Fig.

19

20

21

22

Mitotic stage

The same stage
after fixation

(Chart 1)

Pronuclei in contact or just fused; sperm-aster round . Figs. 2 and 3

Pronuclei fully fused; sperm-aster elongate Fig. 4

Prophase or metaphase of the first-cleavage figure Figs. 5 and 6

Anaphase or telophase of the first-cleavage figure Figs. 7 and 8
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TABLE II

Variation in cleavage time among egg-sets of different females. All sets reported
were in optimum condition, as shown by practically 100 per cent regular cleavage.
The temperature was 23 0.5. (For method of determining cleavage time see p.

98.) Result: On an}" one day there is a variation of about 10 per cent in the cleavage
time of different egg-sets; between egg-sets obtained in August and in September there

is an average difference of about 8 per cent.

Date
1934
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Obviously the mixing of egg-sets with different time schedules causes

a "spread" in the time when any given mitotic stage occurs.

The term cleavage time is usrd here to include the period from

fertilization until 50 per cent of the eggs have divided. To determine

when any one egg has divided is not a simple matter. A constriction

appears first on one side; about a minute and a half later, at 24 C.,

it is seen on the opposite side; complete division requires another

minute. In making the counts of the present study, eggs having a

constriction on but one side were arbitrarily counted as uncleaved,

and those having constrictions on both sides as cleaved.

In order to secure different egg-sets
l which have the same cleavage

time, preliminary tests are required. The egg-set of each female is

kept separate; samples of each are fertilized simultaneously, and kept

at the same temperature. When the time of cleavage approaches, the

samples are observed in rapid rotation. Since one observation re-

quires about 15 seconds, it is not advisable to work with more than

eight or ten samples at a time. If larger numbers of females must be

tested, samples are fertilized in groups at about 15-minute intervals.

When observing cleavage, accuracy is increased if the eggs are gently

stirred with a glass needle, so that they can be seen from several posi-

tions. The sets which have the same cleavage-time are then mixed

and used for the experiment.
2

When such preliminary tests are made, the eggs to be used later

in the experiment are kept standing for somewhat over an hour. This,

however, does not modify either the percentage of normal cleavage or

the time when it occurs. Several experiments were carried out to

determine the effects of such standing upon the eggs, and it was found

that cleavage is unmodified for at least six hours.

This preliminary test is especially valuable when working with

Arbacia eggs late in the season. Those familiar with this material

rightfully distrust experiments carried out toward the end of the

season, when the eggs of many females are in poor condition. Since

it is the usual practice to mix the egg-sets of a number of females, the

inclusion of subnormal sets introduces doubtful factors into the experi-

ment. By preliminary tests, however, one can select the sets wrhich

1 Methods for obtaining eggs and fertilixing them have been described by Just

(1928). Additional details will be found in the writer's discussion of Arbacia eggs in

the forthcoming Compendium of Culture Methods for Invertebrate Animals.
2 The procedure described is sufficiently accurate for most purposes; if greater

accuracy is necessary, the following method is generally emploxi'd. In any given

sample, as soon as a small percentage of the eggs have cleaved, some of them are fixed

in a 0.5 per cent solution of formol in sea-water; this is repeated at intervals until

the majority have divided. Kggs thus fixed have practically the same appearance
as when alive, and accurate counts can then be made.
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are in optimum condition, as judged by capacity to lift distinct ferti-

lization membranes, to cleave regularly in practically 100 per cent of

the cases, and to develop into top-swimming plutei.
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THE EFFECT OF WHITE LIGHT UPON THE RATE OF
DEVELOPMENT OF THE RHIZOID PROTUBERANCE

AND THE FIRST CELL DIVISION IN
FUCUS FURCATUS 1

I). M. \YHITAKER

(From the School of Biological Sciences, Stanford University, California)

It has been observed by several investigators that the site of

germination and the plane of the first cell division in the egg of the

brown alga, Fucus, are determined by the direction of a beam of light.

The rhizoid develops on the side of the egg which is least illuminated,

provided, as Hurd (1920) and Kniep (1907) and others have observed,

the individual eggs are at least several egg diameters apart. If egg
cells lie more closely together they exert certain mutual influences upon
the developmental axes which overcome the light effect. Hurd (1920)

also found that the most effective part of the visible spectrum is in the

blue range.

The present paper gives the results of experiments designed to

measure the effect of light upon the rate of the early developmental

changes in Fucus when eggs are spaced far enough apart to avoid

mutual effects, so that the axes of differentiation are determined by
the direction of illumination. Since these experiments were carried

out, a search of the literature has shown that Kniep (1907) long ago
noted in passing a slight accelerating effect of light on the germination
of F. vesiculosus and F. serratus from the Norwegian Coast. His

observation is confirmed and extended in this investigation on F.

furcatus. A considerably more marked effect is also found.

MATERIAL
In the year 1934-35 Fucus has been collected at leaM once a week

from early October until the middle of June at Moss Beach, about

twenty miles south of the (iolden Gate on the California coast. Two
similar but distinct types of Fucus were found here in fair abundance,
in slightly different habitats. On a large tidal shelf, a shorter type has

narrower fronds and receptacles, while on a reef a larger more robust

type which grows to greater length has relatively wider fronds and

receptacles. Fucus is apparently plastic in regard to growth forms.

To avoid if possible the question of growth forms and genetic forms,
1 This work has been supported in part by funds granted by the Rockefeller

Foundation.
LOO
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collection has been confined to what is believed to be one uniform type

(the longer wider type) taken from the reef. A typical sample, col-

lected early in June, is shown in Fig. 1. From Gardner's (1922)

descriptions and classification, this could not be other than Fucus

furcatus. Professor N. H. Gardner has been so kind as to identify

living samples of the material which was used as F.jurcatus f. luxurians,

and of the smaller narrower type which was distinguished and avoided

as F. furcatus f . typicus.

10 cm.-

A.

B.

c.

-

D.

E.

f
F.

,

G.

FIG. 1. (A) Photograph of a typical sample of the type of Fucus used, which has

been identified as F. furcatus f. luxurians (collected early in June). The scale applies

only to (^4). (B)-(G) Developmental stages showing the development of the rhizoid

protuberance and cell and (G) a later stage. A large egg of this form is approximately
90 microns in diameter.

Throughout the period referred to, mature gametes in excellent

condition have been obtained. In the winter months new fruiting

tips began to grow, and these fruited in late March, yielding larger

numbers of gametes than the older tips, which, however, did not cease

to bear if at all at least until well after the new tips were ripe. The
new tips continued steadily to come more fully into fruit throughout
the spring until and including the middle of June when collection was

discontinued at Moss Beach. The present experiments were carried

out on material collected in January and February.
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METHOD

After some experimentation, an effective standard procedure was

devised for caring for the material. Fruiting tips were cut off with

uncontaminated scissors and placed in a gallon thermos jug which had

been pre-cooled with ice. A corked bottle of ice was put in on the tips

and the jug was sealed. The tips were thus kept cold and moist, but

not in sea water. The jug was kept in an electric refrigerator at 4 C.

as the working source of supply. Sea water was collected at the same

time and after being twice passed through coarse filter paper was

stored at 8 C. Fresh gametes were obtained by first washing a num-
ber of tips thoroughly in 8 C. sea water, to remove debris and previ-

ously shed gametes, and then placing them in a dish of sea water at

15 C. This served as a stimulus to shedding, and in about twenty
minutes in the spring (40 minutes in the fall) eggs and sperm capsules

were shed. After the tips had been in the refrigerator for three days,

large numbers of gametes were obtainable, while before this time

often few or none would exude. The material is good at least for well

over a week when kept at 4 C., although none was used which was

more than a week old.

This form is hermaphroditic, as are all the Fucaceae on the Cali-

fornia coast. \YIu-n it was necessary to know the approximate time

of fertilization, as in the present instance, a group of recently shed

capsules were transferred to another dish of sea water at 8 C., where

the time at which 50 per cent of the egg-bearing capsules had broken

down was noted. 2
Eight eggs occur in a capsule which dissolves in

sea water and ruptures, when fertilization ensues if antherozoids are

present. Very small capsules containing many antherozoids are shed

along with the egg capsules and many of these rupture before the egg

capsules do so that motile antherozoids, or sperm, are ordinarily

abundant about and on the egg capsules when these break down. In

the case of an isolated capsule the time of fertilization of the eight

eggs can be determined quite precisely. In the populations of capsules
of nearly equivalent age in sea water, the time between rupture of the

first and last capsule was usually about 15 minutes, so that the mid-

point represented the time of fertilization of all of the eggs within

approximately 8 minutes.

After capsule breakdown, the eggs were kept in a dark constant

temperature room in which the air temperature was 14% 24 C.

2 It was not entirely necessary to have the capsules break down at 8 C. instead

of at 15 C., but uniformly single eggs emerge at cool temperatures, while as the

temperature increases, so does the proportion of eggs which fuse to form polyploid

giants (Whitaker, 1931).
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The heat capacity of the water about the eggs reduced the temperature
variation considerably. The eggs were in the dark except for brief

exposures to dim red light, or during experimental illumination.

Following fertilization, the Fucus egg secretes a gelatinous sub-

stance which gradually becomes sticky and finally hardens to form a

cellulose wall (Whitaker, 1931) which attaches the egg quite firmly to

such substrates as glass or agar jel. In manipulating F. furcatus

eggs at 15 C., the stickiness becomes conspicuous about 45 minutes

after fertilization, and is very pronounced at 2 hours. The manip-

ulation, transfer, and placing of eggs was completed in these experi-

ments within 20 minutes after fertilization.

A large double compartmented box was constructed inside the

constant temperature room, painted black inside and out. It was

so arranged that a light bulb, in fixed position at one meter distance,

laterally illuminated a levelled platform in one compartment, while a

similar platform in the other compartment remained in complete
darkness. An electric fan was so arranged, in conjunction with

baffles and slits which admitted no light, that copious and equal
volumes of air passed continually from the constant temperature
room through the experimental chambers and out behind the light.

Calibrations under working conditions showed that the two chambers

were at the same temperature, and at the same temperature as the

constant temperature room, namely 14^4 J4 C. The white light

source used in the experiments was a General Electric frosted 40-watt

bulb, operated on 110 volts, A.C. With facilities and assistance

kindly provided by Dr. Arthur Giese, this was calibrated by means of

a thermopyle against a standard light. The intensity under working
conditions at one meter distance from the bulb was such as to give

total energy of approximately 1500 ergs per second per cm. 2
.

MEASURING TIME LAPSE

Soon after fertilization, eggs were thinly scattered in sea water over

the bottoms of square Petri dishes (8.5 cm. 2
) which presented flat

surfaces to the laterally transmitted light, and also served as moist

chambers. In any given experiment, the eggs reared in the light and
in the dark were arranged by equipartition and random dispersion to

be of equal concentration and statistical proximity on the bottom of

the dish, as well as to be of equal concentration per unit volume of sea

water. In the different experiments the same conditions in these

regards were approximated. The average concentration of eggs was
of the order of 25 eggs per cm. 2 of bottom, and 60 eggs per cc. sea water.

The eggs are about 65-90 microns in diameter. In recording results
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all eggs were ignored which were within 5 egg diameters of another egg,

because of certain mutual effects of these eggs when they lie within

two or three egg diameters of neighbors. The great majority of the

eggs were much more than 5 egg diameters apart.

In Experiments 9 and 10 (Fig. 2) duplicates were run in isosmotic

1 per cent, and in Experiment 9 also in 2 per cent, dextrose. Solutions

of dextrose in triple distilled water were made approximately isosmotic

with sea water (11/12 M). Enough of this was added to sea water to

give a resulting solution containing one, or in the 2 per cent two, grams
of dextrose per 100 cc.

Within 20 minutes after fertilization one set of dishes bearing eggs
was placed in the illuminated chamber of the dark box, and another set

in the dark chamber. After preliminary survey, two arbitrarily

chosen criteria of developmental stage were selected which could be

quite sharply identified. The first of these was the early but unmis-

takable protuberance at one side of the egg, which is to give rise by
extension and cell division to the rhizoid cell. The first cell division

in Fucus results in two morphologically different cells which ordinarily

lie side by side in the plane of the substrate (Fig. 1) and which by fur-

ther division give rise respectively to the thallus and the rhizoid of

the new plant. The developmental axis is thus, in the normal course,

determined by the time the rhizoid protuberance appears, and is

indicated by it. The second end point selected was the development
of the cell plate to an arbitrarily chosen stage which was distinctly and

sharply distinguishable, and which marked the beginning of the 2-cell

stage. In the absence of cytological study, it is not certain precisely

to what extent the cell plate had divided at this time.

The chief measure sought was the time after fertilization, in the

dark and in the light, when 50 per cent of the population had reached

(or passed) the stages in question. In the first seven experiments more
numerous counts were made principally just before, during, and just

after this time had been reached. It was then found to be both more
convenient and more accurate, as well as to involve less disturbance

of the dishes, to make percentage counts at less frequent intervals and
to interpolate the 50 per cent point on the sigmoid curve which could

be drawn through the points. This method was followed in Experi-
ments 8, 9 and 10, the results of which are shown in Fig. 2. The eggs
ir.ired in the- dark were observed and tabulated with red light, the

eggs reared in the light with white light. Checks showed that the

different lights used made no difference in identifying the stages.

The Petri dish was moved back and forth across the stage of the micro-

scope so that eggs were observed (with low power) as one might read a

printed page. Each count involved from 100 to 300 eggs.
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RESULTS AND DISCUSSION

As may be seen in Table I, the time lapse from fertilization until

50 per cent of the population had attained (or passed) the two stages

in question varied somewhat in the different experiments, but in all

cases the rate of development was decidedly more rapid in the light

than in the dark. Various factors which may affect the rate were

naturally more uniform among the experimental groups of a given

experiment than among different experiments. Therefore the ratio

of the time lapse in the light and in the dark in a given experiment is a

more useful measure for comparison, and such ratios are indicated at

the right in Table I.

TABLE I

Time in hours from fertilization until 50 per cent of a thinly spaced population
of eggs at 14% M C. attained or passed the early rhizoid protuberance and the

early cell plate stages.

Experiment
number
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I00r

O Rhizoid, Light

Rhizoid , Dark

Cell Plate,Light
Cell Plate, Dark

70 75 10

Time in hours affp-

FlG. 2. Percentages of eggs in thinly spaced populations at 14% % C.

which attained or passed the stages indicated with passage of time after fertilization.

In Experiments 9 and 10 the rhizoid protuberance points which bear t\vo wings and
four wings, through which dashed curves have been drawn, represent runs in sea

water containing 1 per cent and 2 per cent dextrose respectively.
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In Experiments 9 and 10 duplicate runs both in light and dark

were made which differed from the main runs only in that the sea water

contained 1 per cent dextrose (isosmotic), and in Experiment 9 also

2 per cent dextrose. The time lapses to the development of rhizoid

protuberances are shown in Fig. 2. These results confirm the indica-

tions of rough preliminary tests in showing that the presence of 1 per
cent dextrose in the medium does not speed up the development of the

rhizoid protuberance in eggs in the dark to, nor appreciably toward,

the rate in eggs in the light. A slight stimulation of the eggs in the

dark compared with the eggs in the light is indicated (average = : 2

per cent) but this is within the limits of error. Since it is not certainly

known whether dextrose can enter these eggs, nor whether it must
enter to be metabolized, no positive conclusion can be drawn from the

negative effect of 1 per cent dextrose. As far as these results go, how-

ever, they suggest or at least leave the way open for the view that the

stimulative effect of light upon the rate of formation of the rhizoid

protuberance is not primarily a nutritive phenomenon.

SUMMARY AND CONCLUSIONS

1. Data are given upon the extended breeding season of the

hermaphroditic Fucus furcattis, and means of obtaining uniformly
fertilized unfused eggs are described.

2. When thinly spaced eggs are reared in filtered sea water at

1424 M C., with lateral illumination by moderate white light

(1500 ergs/sec./cm.
2
), the time lapse from fertilization until 50 per cent

of a population have developed early rhizoid protuberances (when the

developmental axis is determined and indicated) is approximately 14.0

hours.

3. It takes approximately 28 per cent more time for the same

development in the dark (at 17.8 hours).

4. Under the same conditions as in 2, 50 per cent of a population
have developed cell plates, and have entered the early 2-cell stage, at

approximately 21.9 hours after fertilization.

5. It takes approximately 14 per cent more time for the same

development in the dark (at 25.0 hours).

6. White light thus markedly speeds up processes leading to the

development of both of these structures. It accelerates the protuber-
ance formation (involving softening of the cellulose wall on the side of

the cell least illuminated) to a relatively greater extent. In absolute

time, the protuberance formation is advanced 3.8 hours in the light,

the cell plate 3.1 hours. The primary and actual acceleration is there-

fore only in the formation of the rhizoid protuberance, the cell plate

formation merely holding most of the gain.
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7. The presence of 1 per cent (isosmotic) dextrose in the sea water

does not appreciably affect the rate of protuberance formation either

in the dark or in the light.

The author is indebted to Mr. Kdward Lowrance for assistance in

carrying out the experiments.
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EXPERIMENTS ON LIGIA IN BERMUDA

IV. THE EFFECTS OF HEAVY WATER AND TEMPERATURE i

T. CUNLIFFE BARNES

(From the shorn Zoological Laboratory, Yale University)

Three previous papers of this series (Barnes, 1932, 1934, 1935) have

described salt effects and space orientation of the littoral isopod Ligia

baudiniana in Bermuda. Since this species of Ligia is a sub-tropical

form living under fairly uniform temperature conditions, it was de-

cided to establish the upper temperature range in air and in sea water

and to determine the effect of immersion in concentrated heavy water,

which is equivalent to a drop in temperature from the standpoint of

energy content (cf. Eyring and Sherman, 1933; Barnes and Gaw, 1935;

Barnes and Warren, 1935).

METHODS

For the study of lethal temperatures a freshly collected adult was

placed in a bottle of approximately 300 cc. capacity immersed in the

water of a thermostat warmed by a knife heater controlled by a mer-

cury relay. Fifty cc. of sea water or filter paper moistened with sea

water were placed in the bottle. Air was pumped continuously through
a spiral of glass tubing in the thermostat to bring it to the required

temperature before it passed through the bottle. The time of death

was taken as the point when the animal ceased all motion and would

not respond when the bottle was violently jarred. All specimens were

returned to sea water at normal temperature (27 C.), but none re-

covered after this end point was reached. Although the thermostat

was accurate to 0.1 C., the temperature of the specimen bottle dropped
0.5 - 1 C. for a few minutes after the specimen was introduced.

For the determination of the temperature characteristics of the

gill-beat, the animal was placed in 2 cc. of sea water in a test tube

containing the bulb of a thermometer and a tube through which air

was bubbled continuously. The test tube was immersed in a beaker

of water at 27 C. and pieces of cracked ice were added with forceps to

lower the temperature. Since only 2 cc. of 96 per cent heavy water

were available, the experiment had to be carried out on a small scale

1 Contributions from the Bermuda Biological Station for Research.
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(including the controls). The temperature was constant to within

0.4 C. during one reading (time for 10 beats of the pleopods).

FURTHER KXI-KRIMENTS \\rni SALT SOLUTIONS

Sea water was used as the immersion medium in the temperature
studies although animals will not live indefinitely in this medium.
Artificial sea water in which the two most toxic ions K and Mg were

reduced did not give better results than natural sea water (Table I).

It will be seen from the table, however, that artificial sea water with

half the normal Mg content is more favorable than artificial sea water

with the normal amount of Mg. As was pointed out in a previous

paper (Barnes, 1935), the K content of artificial sea water has to be

increased four-fold to produce easily recognized toxic effects. Three

work with Ligia has shown the great variation that occurs in

TABLE I

Longevity of Ligia in sail mixtures

Experi-
ment
No.
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SURVIVAL IN AIR AND IN WATER AT HIGH TEMPERATURES

Ligia baudiniana dies in about one hour if placed in aerated sea

water at 38 C. (Table II), but at this temperature in air (over filter

TABLE II

Survival times in sea water and in air at high temperatures

Sea water
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from the evaporated sea water were taken up in ordinary distilled

water. The frequency of the gill-beat immediately falls in "heavy"
sea water. Thus at 20 C. a typical determination for the time for

ten beats was 3.8 seconds in H 2O and 4.5 seconds in D 2O. In Fig. 1

it will be seen that this lower frequency obtains throughout the entire

temperature range in heavy water and that exposure to 10 is followed

by a further reduction in rate as in ordinary sea water.

40

20

10

10

FIG. 1. Rate of beating of the pleopods of Ligia as a function of temperature.

Ordinates, rate expressed as 100 divided by the time for 10 beats. Abscissae, tem-

perature in degrees centigrade. Open circles represent a specimen in ordinary sea

water. Black dots represent a specimen in sea water containing 96 per cent heavy
water. The rate was taken at the higher temperature first and then at progressively
lower temperatures to about 10 where the beat becomes irregular. Then the tem-

perature was raised, as indicated by the arrows. Each point is the average of five

determinations of the time for 10 beats. Eurh run from 28 to 10 or 10 to 28

required about 40 minutes.

The data for both ordinary and "heavy" sea water are plotted in

Fig. 2 according to the Arrhenius equation

/
& ^/J_ _Ln R l

"
2\Tl

"
T2

where 7\' is the rate at T1 and R- is the rate at T2
. It appears that the

slope of the line changes sharply at 16.5 C. in H 2O sea water and at

19.5 C. in D 2O sea water. The frequency is greatly reduced in heavy
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water but it is interesting to observe that the lines for both media are

parallel. In ordinary sea water the temperature characteristics are:

16,000 calories for the interval 10-16.5 C. and 8,400 calories between

16.5 and 27 C. For "heavy" sea water the
/j,

values are; 15,000

calories, 10-19.5 C. and 8,400 calories between 19.5 and 27 C. The

significance of these findings will be discussed in the sequel. There

were no signs of injury during the hour and a half run in heavy water

and the reduction in frequency of the gill-beat was reversible after

return to ordinary sea water. Thus a specimen in which the time for

ten beats was 5.5 seconds at 17 in D2O showed a typical rate of ten

beats in 4.2 seconds at 17 after return to sea water.

It will be noted in Fig. 2 that the scatter of the plotted points is

1.2

FIG. 2. Relation between the log of the rate of gill-beat in Ligia (ordinates)

and the reciprocal of the absolute temperature (abscissae). Open circles represent
data from two specimens in ordinary sea water. Shaded circles represent readings
from two individuals in sea water containing 96 per cent heavy water. In the upper

graph the lines intersect at 16.5 C., in the lower at 19.5 C. (See text.)

much greater in H 2O sea water than in D 2O sea water. Owing to the

scarcity of concentrated heavy water, the determinations were made
from two specimens. Although many animals were used in ordinary

sea water, the data from only two typical specimens are plotted in Fig.

2 as a basis for comparison with the D2O results. This procedure is
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justified by the fact that in ordinary sea water the temperature charac-

teristics are the same as those obtained by Numanoi (1935), who used

hundreds of specimens of the closely allied Ligia exotica. The speci-

mens used in the 96 per cent D2O measured 13 and 14 mm. in length

(not counting uropods and spines) which were large in comparison to

the 2 cc. of water, so that the concentration in the tissues was probably
about 80 per cent heavy water.

DISCUSSION

Evidence is accumulating that the inability of Ligia to survive

when immersed in sea water is not entirely determined by the relative

proportions of the chief cations. However, it is interesting to note

that a reduction by half of the Mg content of artificial sea water permits

greater longevity in that medium but a synthetic sea water of greater

sustaining power than natural sea water has not yet been found.

The studies of the rate of killing of the isopod at high temperatures
indicate an abrupt transition from the rate of killing curve to the ordi-

nary curve of life duration as found by Brown and Crozier (1927) in

cladocerans. The lethal temperatures for Ligia in Bermuda do not

appear to be higher than those for organisms in the temperate zone, but

the minimum temperature for the gill-beat, 10 C., is four degrees

higher than that of Ligia exotica in Japan (Numanoi, 1933). The high

temperature characteristic for the rate of killing of Ligia at high

temperatures is similar to values obtained from such processes as tin-

coagulation of proteins by heat (Buchanan and Fulmer, 1930, p. 52).

The more rapid lethal effect of high temperature in water than in air

is a common phenomenon and probably not connected with the greater

longevity of Ligia in air at ordinary temperatures (25-28).
The temperature characteristic of 16,000 calories obtained for the

gill-beat is one repeatedly encountered for respiratory processes

(Numanoi, 1933) and is associated with the catalysis of oxidation by
iron (Crozier, 1924). The

/JL
values obtained by Numanoi (1933) for

the gill-beat of Ligia exotica in Japan, i.e., 15,200-17,000 calories

between 6-16 C. and 7,000-8,200 calories between 16 and 30 C., are

precisely the same for Ligia baudiniana in Bermuda. These two values

occur together frequently for respiratory processes.

The application of the Arrheiiius equation to the data for the gill-

beat in heavy water should throw light both on the mechanism of

action of the heavy hydrogen isotope and on the validity of the

Arrhenius equation in biological systems. CYozier (1935) has recent ly

discussed modifications of temperature characteristics from which it is

clear that if the several discrete magnitudes of n persist in spite of
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modifications of the temperature graph, it may be concluded that the

temperature characteristic represents the molecular energy of activity

of a specific chemical process. Now it will be seen in Fig. 1 that in

spite of the great reduction in frequency by heavy water, the rectilinear

relation is not destroyed and the same discrete values of
/j,

can be

recognized as for the process in ordinary water. Not only so, but the

data from the heavy water series fit the equation even more closely

in that the points all lie on the line.

It appears that the heavy water reduces the frequency of the gill-

beat without changing the fundamental regulating mechanism. A
similar effect is seen in the action of adrenalin on the heart (Crozier,

1926), in which the frequency is greatly increased but the temperature
characteristic is not changed. Urey and Teal (1935), when discussing

the energies of activation of chemical reactions in heavy water, point

out that no difference in the activation energies need be expected in

reactions in which hydrogen is not directly involved. On the other

hand, the reaction between deuterium and bromine to form DBr has

an activation energy of 19,870 calories which is 2,100 calories higher

than that for the reaction H + Br - HBr, the difference being about

equal to the difference in the zero point energy of the two hydrogen

isotopes.

It remains to be seen if there are biological processes in which the

temperature characteristic is changed greatly in heavy water. The
rate of pulsation of the contractile vacuole in Paramecium (Barnes

and Gaw, 1935) has three values of n over the temperature range in

ordinary water i.e., below 16, 24,000; 16-22, 17,000; and above 22,

14,000; but in heavy water the value is 22,000 over the entire range.

The rate of pulsation of the turtle's auricles (unpublished data), like

the gill-beat in Ligia, yields a
/j,
value of 16,000 in both D 2O and H 2O.

It is hoped that further temperature studies in heavy water will afford

new and significant information concerning the regulation of physio-

logical processes.

The effect of heavy water on the rate of the gill-beat is equivalent

to a drop in temperature of 3-4 C. This is also seen in the critical

temperature or point in the graph (Fig. 2) where the slope of the line

changes. The line breaks at a point 3 higher in the plot for the heavy
water experiment. It is proposed that the effect of heavy water on a

physiological process should be expressed as an "equivalent drop in

temperature" of a specific number of degrees. This is similar to a new
method of expressing the configuration of the water molecules in a

dilute solution of strong electrolytes proposed by Bernal and Fowler

(1933) the "structural temperature" or that temperature at which
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pure water would have effectively the same inner structure as the given
solution.

SUMMARY

1. The survival of Ligia in artificial sea water is doubled if the Mg
content is reduced by one half.

2. In spite of the fact that Ligia cannot survive long periods in

natural sea water, no artificial sea water has been found to be a more

favorable medium.

3. Exposure of about one hour to sea water at 38 C. or to moist air

at 42 C. is fatal to Ligia.

4. In natural sea water the beating of the pleopods of Ligia
baudiniana yields temperature characteristics of 16,000 calories be-

tween 10 and 16 C. and 8,400 calories between 16 and 28 C. These

are typical of respiratory processes.

5. The reduction in the frequency of the gill-beat in sea water

containing 96 per cent heavy water is equivalent to that produced by a

drop in temperature of about 3-4 C. Similarly the critical tempera-
ture in heavy water is shifted three degrees higher.

6. In sea water containing 96 per cent heavy water the gill-beat

yields temperature characteristics of 15,000 calories between 10 and
19 and 8,400 calories between 19 and 28 C.

7. It is concluded that the lower energy content of heavy water

slows down the beating of the gills but does not change the fundamental

regulatory mechanism.

It is a pleasure to express my gratitude to Dr. J. F. G. Wheeler,
who placed the facilities of the Bermuda Station at my disposal.
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THE BIOLOGY OF CALANUS FINMARCHICUS IN THE
GULF OF MAINE AND BAY OF FUNDY

CHARLES J. KISH

(From the Woods Hole Oceanographic Institution, Woods Hole, Mass. 1
)

INTRODUCTION AND METHODS

The problem considered in the present paper concerns the produc-
tion and dispersal of Calanus finmarchicus in a partially enclosed body
of water. There have been two principal objectives ; first, a determina-

tion of the breeding seasons, annual number of broods, rate of growth
and length of life; second, an evaluation of different spawning areas,

and dispersal of eggs and larva?.

Monthly cruises were made from July 28, 1931 to September 29,

1932 in the Bay of Fundy and from April to September, 1932, in the

inner part of the Gulf of Maine, with one cruise in the outer Gulf and

along the south coast of Nova Scotia, yielding in all a total of 838

zooplankton samples (Fig. 1). In August 1931 one line of stations

was taken in the Gulf. 2

For convenience in description, the region has been subdivided into

four areas shown in Fig. 1. For the sampling of eggs and immature

stages, the pump was used during the summer, a volume of 250 liters

of water from each of four levels, 0, 10, 30, and 50 meters being filtered

at each station. Analyses were made by the Sedgewick-Rafter count-

ing method, and the number of individuals per cubic meter calculated.

In determining horizontal distribution, in the present report, the value

taken for each station represents the mean of the four levels. I'ntil

weather conditions permitted the use of the pump (end of June),
half-meter nets (two meters in length) of No. 10 silk were utilized.

The hauls were of 15 minutes duration and were oblique from 50 meters

to the surface, the distance being divided into six steps at intervals of

10 meters each. The counts were made by the same method used in the

pump samples, but the number of organisms per minute of towing was
taken as the unit of measure.

IMPORTANCE

Calanus finmarchicus is the most abundant animal in the Gulf of

Maine, occurring offshore throughout the year and well into inshore

1 Contribution No. 85.
2
Investigations for the International Passamaquoddy Fisheries Commission.

118



CALANUS IN GULF OF MAINE AND BAY OF FUNDY 119

waters except during the warm summer months when its distribution

is somewhat variable. In Frenchmans Bay, with temperatures as low

as 7-9 C. persisting in the lower levels, it was found abundant through-
out the summers of 1929, 1930, and 1932, but in shallower or more

turbulent estuarine areas such as Passamaquoddy Bay, where the

FIGURE I

ZOOPLANKTON STATIONS IN 1932

+... V %*':+

FIG. 1. Zooplankton stations in 1932.

whole water mass responds more rapidly to seasonal warming (10-12 C.

after August 1), Calanus was comparatively sparse between June and

October.

Its importance in the region is indicated in Tables I and II giving

the relative percentage by number of C. jinmarchicus to the total

zooplankton population. Within the Bay of Fundy, Calanus was
found most abundant at all times in the vicinity of the deep basin,

with year values increasing upon approaching the entrance. Thus,
as indicated below, at Station 5 in the Quoddy region the mean for

the year was 32.4 per cent, at Station 6 east of Grand Manan 37

per cent, and at Station 8A near the mouth on the Nova Scotian side,

41.8 per cent.
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In the Gulf of Maine the highest values occurred in the central area

where production of many of the pelagic species breeding during the

summer appears to be largely unsuccessful. Here C. finmarchicus

ranged from 40 per cent to 90 per cent, except in April when locally

spawned larva? of Balanus balanoides dominated the hauls.

Bigelow (1926, p. 199) found that in the Gulf of Maine Calanus

averaged approximately 55-60 per cent of the total copepod content.

In 1932 it averaged 60.4 per cent of the zooplankton population in

May with a total copepod content of 77.2 per cent and 39.9 per cent

for the period April to September. In the eastern Atlantic Ruud's

(1929, p. 11) records indicate that off More in 1926 and 1927 C. fin-

TABLE I

Relative percentage by number of C.finmarchicus to the total zooplankton popu lat ion,

1931-32, Bav of Fundy.

1931-32
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the Bay of Fundy, also, Willey has commented (1921, p. 189) on the

absence of Calamis eggs in any such relative abundance as reported by
Damas. However, the importance of this species is evidenced by the

manner in which the total volume of zooplankton follows the fluctua-

tions in the Calanus content (Fig. 2), a condition also noted by Ruud
(1929, p. 12) for the More area.

REGIONAL DISTRIBUTION OF THE ADULT STOCK

The quantitative distribution of adult C. finmarchicus (including
late copepodite stages) in the Gulf of Maine as described by Bigelow

J4. .
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GULF OF MAINE BAY OF FUNDY
VOLUME 7. C. FINMARCHICUS

FIG. 2. Volume of zooplankton and relative percentage by number of C.

finmarchicus (adults and late copepodites) in the Gulf of Maine and Bay of Fundy
'in 1932.

(1926, p. 188) accords so closely with present data that little need be

added here. Although almost everywhere abundant, Bigelow found

marked horizontal variations. Together with other boreal plankton
animals the smallest numbers were found in 1931 and 1932 in the Bay
of Fundy, particularly on the New Brunswick side, and along the

adjacent coast of Maine to Penobscot Bay. However, although the

values were uniformly low, due to equally small numbers of other

boreal zooplankton species, C. finmarchicus is relatively almost as



122 CHARLES J. FISH

important a member of the population in this region as elsewhere in

the Gulf. The largest numbers in the Bay of Fundy occurred in the

deep basin and along the Nova Scotian coast; in the Gulf of Maine,
at the outer stations.

PRODUCTION AND DISPERSAL

Propagation of Calanus finmarchicus has been found to vary greatly
in different localities, both in the rate of development and the number
of broods. Available records indicate that in the southern portion of

its range development is relatively rapid and spawning may begin as

early as January. Proceeding northward into colder water, the period
of vernal augmentation becomes increasingly later, development
slower, and there are fewer broods.

In the Clyde Sea, a fairly enclosed basin with a mean annual

temperature of over 10 C. and minimum holothermic temperatures in

the spring of 5-7 C. (Chumley, 1918, p. 14),
3
eggs and nauplii of

C. finmarchicus were found by Nicholls (1933, p. 89) in January,

TABLE II

Relative percentages by number of C. finmarchicus to population of total region of

Bay of Fundy, and of Gulf of Maine in 1932.

1932
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summer (April-June) had previously been reported (Gran, 1902;

Damas, 1905; Damas and Koefoed, 1907, etc.).

In the region of Iceland, Paulsen (1906, pp. 19-20) reported the

principal propagation season of C. finmarchicus to be from March until

June with a possible second reproduction period later. At the meeting

point of the Atlantic and North Polar currents, south of 67 N, the

season is in late June (Damas, 1905), and east of Greenland, in late

July (With, 1915).

In the Gulf of Maine and Bay of Fundy previous investigations

have shown the stock of Calanus to be at a minimum in late February
and early March, at which time regional differences would be expected
to be least. Vernal augmentation begins in late March and April

(depending on the locality) and varies somewhat from year to year.

Early nauplii were abundant in Massachusetts Bay by April 7 in 1925

(Fish, 1928, p. 286). In coarse net hauls where the effect of production
would not be noted until the new stock had reached copepodite stages,

Bigelow (1926, p. 192) observed in 1920 a slight increase from March to

April in the coasta'l zone between Cape Cod and Mt. Desert, a con-

siderable increase in Massachusetts Bay (X 400), and in the western

basin about the same average number as in February and March.
His data of several years led him to conclude that probably the "mul-

tiplication of Calanus does not proceed so rapidly in the northern

parts of the Gulf, though it may commence there as early as mid-April
"

(Ibid, p. 194). There was also evidence that breeding probably con-

tinues actively through June, and an increase in the numbers of

Calanus in September suggested a second but less productive season

in early autumn (Ibid, p. 207).

To the north Willey (1919) found evidence of vernal propagation
over a broad area between Nova Scotia and Newfoundland. At the

eastern end of St. Pierre Bank in 1915 Calanus finmarchicus in cope-

podite stages II-V was taken on June 24 and again on July 27. Stages
III-VI were also obtained south of Cabot Strait on July 27 and in the

Laurentian Channel on July 28.

Distribution of Eggs and Larvce in 1932

An analysis of propagation in the Gulf of Maine and Bay of Fundy
is complicated by the progressive delay in seasonal response from

west to east (Fig. 3) combined with an active cyclonic drift, which

renders it difficult to ascertain the source of larvae taken in any particu-
lar locality. Fortunately an average difference of approximately one

month in the time of spawning in the eastern and western parts of the

Gulf made it possible to distinguish two breeding stocks, and, through
the distribution of dominant developmental stages in successive
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months, trace in a general manner the rate of growth and subsequent

dispersal in each.

April. Spawning must have begun in March, and by late April

had terminated over the greater part of the Gulf. The more advanced

WESTERN AREA

ST. 26 MAY 2

OUTER GULF

ST. 2)313 APR

CENTRAL AREA

ST. 33 APR 22

NEW BRUNSWICK AREA
ST. 12 APR 18

NOVA SCOTIA
SOUTH COAST

NOVA SCOTIA

WEST COAST

BAY OF FUNDY
NOVA SCOTIA

AREA

BAY OF FUNDY
NEW BRUNSWICK

AREA

GULF OF MAINE

OUTER AREA

OVA HI III-IV V-VI I II III IV V EGG l-ll IIHV V-VI I III IV

NAUPLIUS COPEPODITE

FIG. 3

NAUPLIUS COPEPOOITE

FIG. 4

FIG. 3. Calanus finmarchicus, showing progressive delay in seasonal response

to the eastward, and evidence that the larval stock in the outer Gulf may have

originated in the western area.

FIG. 4. Calanus finmarchicus, showing nauplius stages IY--VI dominating

throughout the region in April 1932. (Average of all stations in each area.)

had thru reached tin- third and fourth copc-podite stages, and

were rather widely distributed in relatively small numbers. Xauplius

stages IV-VI predominated in tin- Casco Bay region where production
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FIG. 5. Distribution of (.4) nauplius stages V-VI of the western stock, and (B) eggs

of the eastern stock in April 1932. Number per minute of towing.
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was so much more extensive than elsewhere that its contributions

outnumbered locally produced larvae over the greater part of the Gulf

and Bay, a condition which continued throughout the summer. As

it was possible to make but one series of observations in the outer Gulf,

the duration and extent of propagation in that area could not be deter-

mined, but the distribution of larv;e, consisting of nauplius stages

Y-VI with a small number of copepodite stage III and no interme-

diates, would suggest the western coastal area as the principal source.

However, a local concentration of nauplius stages V VI off Nova

Scotia offers positive evidence that in outside waters the season was as

far advanced off Halifax as in the region of Casco Bay. Between

these two areas, along the south and west coasts of Nova Scotia, the

season appeared to be less advanced, more closely corresponding to the

eastern part of the Gulf where spawning had not yet ceased.

TABLE III

Maximal numbers of Calanus finmarchicus in various developmental stages in the

western area of the Gulf and the Bay of Fundy, May, 1932.

Locality
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to May (Fig. 2).
4 Due to dispersal from the western area volumes

everywhere increased, the increase being least noticeable in areas where

FIG. 6. Distribution of (A) copepodite stages IV-V of the western stock,

and (B) nauplius stages I- 1 1 of the eastern stock in May 1932. Number per minute
of towing.

4 Bogorov (1933) records an increase in the biomass (weight) of almost 60 times

from copepodite stage I to stage VI.
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the immigrant stock was not supplemented by a significant amount of

local propagation. Particularly in the eastern coastal and New
Brunswick regions, individuals of the local brood were not of sufficient

size to be taken in the coarse meter nets in May.
Although late nauplii dominated in the eastern (iulf stock, some

spawning must have continued well into May in the coastal waters

east of Petit Manan, because early nauplii (I-II) were still numerous in

this region between May 18 and 24 (Fig. 6B).

June. The first western crop had matured and were spawning by

June 20. As eggs were everywhere abundant (Figs. 1A and 8),

although the eastern brood was still in copepodite stages (Fig. 9), the

parent stock in all probability consisted almost entirely of individuals

dispersed from the western area. In the eastern basin it is possible

that the adults breeding at this time may have been reinforced to some

extent from production centers outside of the Gulf, a possibility sug-

gested by Bigelow's (1926, p. 209) records of a swarm of adults in

this region on May 6, 1915, and the fact that in 1932 the largest single

capture of eggs (25,321 per minute) was made in the eastern basin in

June.

The eastern spring brood, in copepodite stages in June (Fig. 7B),

were most numerous off Penobscot Bay and along the course of the

drift into the- Bay of Fundy. Elsewhere in the Bay and over the

greater part of the central area, no copepodite stages were found,

indicating that this brood suffers heavy mortality and only those pro-

duced in or transported as far as the western part of the central area

survive.

August. On August 11 in the Casco Bay region, after an interval

of 42 days, the product of June spawning of the western stock, now
in copepodite stages (III predominating), had been largely dissipated

and the relatively few taken were distributed along the outermost

stations from Casco Bay to the eastern basin. Elsewhere in the Gulf

and Bay their numbers were extremely sparse.

Contrasted with copepodites of this second western crop, eggs and

early larva?, assumed to represent spawning by the first eastern brood,

were concentrated nearer the coast. Early nauplii were most abundant

in the Bay of Fundy (Station 7) and central area, with smaller num-
bers occurring westward at the inner stations to Casco Bay.

September. It was not possible to obtain data from the Gulf of

Maine in September, but stations in the Bay of Fundy yielded small

numbers of eggs, early nauplii (stage I) and copepodites in stage II.

The latter were probably the product of August spawning by a second

eastern brood and the former, in view of the absence of eggs and early
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larvae along the New Brunswick coast and their concentration in the

course of the drift along the Nova Scotian coast and over the deep
basin in the Bay of Fundy on September 15, suggest a third generation

of the western stock entering from the Gulf.

FIG. 7. Distribution of (.4) eggs of the western stock, and (B) copepodite stages I-V

of the eastern stock in June 1932. Number per minute of towing.
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Comparison of Results in 1931 and 1932

In 1931 lui i one set of observations was made in tin- (iulf and Bay
(August 21-September 5), corresponding stations being taken about

two weeks later than in 1932 (August 8-21).

The season appears to have been about the same in the western

area during the two years because a maximum of eggs between August
11 and 14 in 1932 would undoubtedly have hatched by August 21

when early nauplii were found predominating in 1931.

East of Mt. Desert, as the relative percentage of eggs and nauplii

were much the same in the Nova Scotian and New Brunswick areas on

August 17-21 in \
()M as on September 1-5, the spawning season would

appear to have been about two weeks later in the previous year. Not

having hydrographic data from the eastern basin of the (iulf for 1931,

it is not possible to suggest a reason for the retarded season that year.

Temperatures within the Bay of Fundy in 1931 and 1932 were not

substantially different at this time.

DISCUSSION AND CONCLUSIONS

Throughout the Gulf of Maine and Bay of Fundy propagation

begins in the spring and is followed by a succession of generations until

autumn. The marked regional differences in the time when vernal

augmentation begins are reflected through succeeding generations of

that summer, irrespective of where the stock may become distributed.

Thus by the time (June) that the spring crop from the western area has

matured and spawned, it has become so generally distributed that

eggs appear almost simultaneously throughout the Gulf and Bay
(Fig. 8). Again, in July and August, when the smaller eastern vernal

crop spawns, eggs appear in even greater abundance in the western

area than in the region where the stock originates.

Propagation of the Stock Originating West of Mt. Desert in the Spring

The seasonal distribution of eggs and larva- indicate two clearly

defined spawning periods, March-April and June-July with a possible

third in September. It i^ probable that most of the June -July brood

remains in copepodite stages to form the bulk of the winter stock

(maturing the following spring), but some appear to pass through the

final moult and spawn in September.
The maximum numbers of larva? of the first generation, which by

late April in 1932 were in nauplius stages IV-VI, and in copepodite

stage III thirty days later, had matured and were spawning by June 20.

The second generation is not as clearly traceable, but what are

believed to have been members of the June brood were mainly in

copepodite stage III forty-five days later on August 11 (Fig. 8, section

.1
. and some became spawning adults by September 15 (p. 129).
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FIG. 8. Seasonal changes in the composition of the population of Calanus

finmarchicus (developmental stages) in seven sections between Casco Bay and

Cape Spencer.

Stages recorded as ova; nauplii I-II, III-IV, V-VI; copepodites I, II, III, IV, V.

Sections: A. Casco Bay (Stations 23A-25A, 26)

B. Penobscot Bay (Stations 27-29)
C. Mt. Desert (S'tations 17, 30-31)
D. Moose Peak (Stations 32-33)
E. Passamaquoddy Bay (Stations 5-8/1, 35)
F. Pt. Lipreau (Stations 13, 36-37)
G. Cape Spencer (Stations 9-11).

April-June: number per minute of towing.

August-September: number per cubic meter.
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Propagation of the Stock Originating East of Ml. Desert

This region (Fig. 1) shows considerable local variation. In its

western portion approaching Mt. Desert and on the Nova Scotian

side of the Bay of Fundy (influenced by inflow from the outer Gulf),

the spawning seasons of Calanus more closely approximated those to

the west of Mt. Desert, while along the coast eastward from Petit

MAY 23
ADULTS 319

W

NAUPUUS COPEPOCHTE NAUPUUS COPEPODITE

FIG. 9. Development of the western (IT) and eastern (K) stocks as indicated at

station 8.1 in the drift entering the Bay of Fundy in 1932.

Manan to St. John the seasons were progressively later. However,

although evident, these local seasonal differences are relatively small,

and for present biological purposes the waters east <>t Mt. I )r>rrt can

be considered to comprise one region in which the maxima of cor-

responding stages of Calanus occur, as previously noted (p. 123), about

four weeks later than in the western part of tlu- < iul!.
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There appear to be two less well defined propagation periods of

the eastern stock, April-May and July-August. The first is indi-

cated by eggs appearing along the New Brunswick coast on April 18

(Fig. 3) and the maximum of nauplius stages I-II in the vicinity of

Petit Manan (Station 33) on April 22 (Fig. 3). Reaching nauplius

V VI .a month later (May 18-24) and copepodite stages II-IV on

June 20-26 (Figs. 8 and 9), it is presumed that August (8-21) eggs

represent spawning by adults of this stock.

It was not possible to trace with certainty the outcome of July-

August propagation because of the small number of individuals in-

volved, but it would appear that the copepodites (stage II) entering

the Bay of Fundy on September 15 (Fig. 9) were representatives of

this crop. This second eastern brood of copepodites probably supple-

ments the second and third (?) western broods to form the winter stock.

Rate of Early Development

In the Clyde Sea (Nicholls, 1933, p. 92) field and laboratory records

have indicated a maximum of four weeks for the complete development
of Calanus finmarchicus, a minimum of eleven days between the egg
and first copepodite stage and intervals of three days for successive

moults to stage V. A minimum of four days was required for the

final moult to stage VI (adult).

Lebour (1916, p. 9), in laboratory experiments at Plymouth, found

that nauplii appearing between April 17 and 24 reached copepodite

stage V on May 19, having taken less than two months for development
from the egg to the latter stage.

Off More Ruud (1929, p. 38) estimates that Calanus finmarchicus

requires almost three months for its life cycle, allowing three to four

weeks for embryonal development as indicated by Lebour (1916, p. 9).

In 1926 there was about seven weeks between the maximum of nauplii

and the maximum of stage VI.

In the Gulf of Maine the developmental period appears to be

slightly less than in Norwegian waters, but, as observations at each

station were taken at minimum intervals of one month, the rate of

growth can only be approximated. In the case of the western stock,

with an interval of 29-33 days between the maximum of copepodite

stage III in May and the presence of eggs in June, followed by a period
of 42-46 days before the next maximum of copepodite stage III, the

complete cycle would appear to require from 71-79 days. Again, if

eggs observed on September 15 (p. 129) can be considered to represent

spawning by individuals incubating west of Mt. Desert from June 28

to July 1, and in copepodite stage III on August 11-14, then there
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must have been a maximum period of approximately 78-81 days be-

tween the second and third broods of eggs.

The two generations of the western stock would thus agree rather

well and suggest a period of about two and one-half months from the

egg to the spawning adult. Intervals between maxima of different

stages also indicate about one month for the development from

nauplius I to copepodite I, one-half month from copepodite I to cope-

podite Y, and one month for the final moult, maturation, and incu-

bation of the eggs. Although requiring confirmation by laboratory

experimentation, there would seem to be about five days between

moults in the nauplius stages and three days in the copepodite stages.
5

No attempt has been made to calculate the developmental period of

the eastern stock, hatching shortly before April 22 in the central area

(Fig. 3, Station 33), because the greater part of this brood apparently
matured and spawned in July, between cruises, and eggs taken in

August no doubt represent late season spawning. This is indicated

by the large percentage of nauplii up to stages III-IY in the central

area on August 15.

August 15. 1932
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Data on the interval between the final moult and the time of

spawning in the winter stock are available only for the Bay of Fundy.
Here the period must be considerably longer than in succeeding

generations in the Gulf. The winter population, almost entirely in

late copepodite stages in November, is indicated in Table IV and
also in a haul by Willey in Passamaquoddy Bay (1921, pp. 187-8)
on November 2 in 1916 when copepodites in stage V formed 46 per
cent and adult females only 2 per cent of the total macrocalanid plank-
ton. By February 23 in 1917 adult males and females formed 47

per cent and copepodite stage V, 36 per cent. In 1932, as shown

below, the winter stock in this area had almost completed moulting

(97.6 per cent adults) by March 21 and a considerable proportion of

the females contained developing eggs. Yet no eggs were found in

these waters on April 15, and spawning had apparently just begun on

May 5.

TABLE IV

Winter population of C. finmarchicus in Bay of Fundy. Percentages by number of

various developmental stages to total zooplankton population.

Date
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Mortality among Maturing Adults

In the Gulf of Maine during the interval between the maximum of

late copepodite stages in late May and the maximum of eggs in June,

there occurred tin- highest rate of mortality observed in zooplankton

during the year, the decline in the relative percentage of Calanus

exceeding even the tremendous decline in the total volume of animal

plankton (Fig. 2) at a time when the spring stock of this species, just

reaching maturity, might have been expected to substantially increase

the total plankton volume (p. 128).

A similar decline in Calanus in the Clyde Sea (where, as in the Gull

of Maine, the maximum of eggs coincides with the minimum of adult

females) has been interpreted by Nicholls (1933, p. 95) to indicate that

the period of maturation forms a very critical time during which the

rate of mortality is so high that comparatively few females survive.

Support for this interpretation was found in the Bay of Fundy,
where the eastern vernal crop was still in copepodite stages in late

June. If the decline from May to June is not primarily due to a

depletion of the food supply or unfavorable physical conditions, ex-

cessive mortality in the Bay would at this time be limited to immi-

TABLE V
Number of C. finmarchicus in various stages of development, April to September,

1932.

1932
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Length of Life of Different Broods

The marked decline in the relative percentage of adults to copepo-

dites following the breeding period in June (Fig. 1(L4), in view of the

fact that in relation to eggs and nauplii, copepoditcs showed no signifi-
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FIG. 10. Calanus finmarchicus. Seasonal changes in the relative percentage of (A)

copepodites to adults, and (B) copepodites to eggs and nauplii.

cant increase (Fig. 10), is considered to represent a dying off of

adults after spawning. This appears to be a rather well-established

characteristic of the species in the eastern Atlantic (Damas, 1905;

Paulsen, 1906; Nicholls, 1933) and has been suggested by Bigelow

(1926, p. 206) in the Gulf of Maine.
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The length of life of individuals produced in early April and matur-

ing in June would thus probably not exceed four months, allowing two
and one-half months for development to maturity and a maximum of

one and one-half months of adult life (spawning adults in the western

region on June 28-July 1 had greatly diminished by August 11-14 in

1932). A similar period of adult life in spring and summer (one and
one-half months) has been found by Nicholls in the Clyde Sea area

(1933, p. 92).

\ __

A B C D E

FIG. 11. Mean numbers of ova, nauplius and copepodite stages per minute of

hauling for the period April-July, 1932.

Section;-: I. Casco Bay, B. Penobscot Bay, C. Mi. Desert,
D. Moose Peak, R. Cape Spencer.

In regard to the winter stock, in cold areas with fewer generations
the length of life must be longer than in regions such as the Clyde Sea

where spawning begins very early in the year. Our data would indi-

cate that the increase in the number of copepodites in September,
observed by Bigelow (1926, p. 207) in tin- C.ulf and in 1932 in the drift

entering the Bay of Fundy (inn-rased from 0.3 per cent to 13.6 percent,

Fig. 105), represented arrested development of at least a part of the

June crop from the western region, supplemented perhaps to some
extent by the July-August crop from the waters east of Mt. Desert.

I he small numbers of eggs of the third western brood in September do
not appear adequate to account for the winter population. If the
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winter group then consists largely of individuals produced in June-

August and dying off after spawning the following March-April, a

maximum existence of approximately 10-11 months is indicated.

September-spawned Calanus would have a maximum existence of 7-8

months. In the Bay of Fundy the period must be even longer (p. 133).

Nicholls estimates (1933, pp. 91-92) the length of life of Calanus in

the Clyde Sea area to be about nine weeks after the winter group has

moulted to stage VI, with a total existence of 7-8 months.

There is some evidence that after reaching maturity the males of

Calanus finmarchicus die off some time before the females. Referring

again to Willey's records from the Quoddy region (1921, p. 187), of

the adults taken on February 23 in 1917, males formed 20 per cent and

females 27 per cent. In 1932 on March 21, a month later, females

formed 92.9 per cent of the Calanus stock and males 4.7 per cent.

Damas (1905) also found males of this species rare except at the epoch
of vernal reproduction.

TABLE VI

Number of C. finmarchicus found in different stages in the New Brunswick area,

April to September. April-June, number per minute. July to September, number

per cubic meter.

New Brunswick area



140 CHARLES J. FISH

No doubt a portion of the individuals produced in the eastern

region, particularly near its western margin, survive because the stock

in very small numbers can be traced through successive generations.

However, over the greater part of the Bay of Fundy and the turbulent

coastal region of the Gulf east of Petit Manan, there is no evidence of

any successful production of Calanus, although eggs transported west

from the latter area may complete their development in a more favor-

able environment.

In the Quoddy region (Station 5), somewhat removed from the

path of the drift from the Gulf, hauls throughout the season consisted

principally of eggs with relatively few nauplii. Copepodite stages
were taken during the summer with a meter net but their numbers
were so small that almost none were found in pump and fine net sam-

ples. The large brood produced by immigrant adults in late June
had apparently entirely vanished a month later, and eggs of the

eastern stock in late July and August seem to have disappeared by
September 16. A similar condition was found in August and Septem-
ber, 1931.

SUMMARY
1. Calanus finmarchicus is the most abundant pelagic animal in the

Gulf of Maine, averaging 39.9 per cent of the total zooplankton popula-
tion during the period April to September, 1932, with a peak of 60.4

per cent in May. In the Bay of Fundy there was a mean of 35.5

per cent for the year 1931-32.

2. The adult stock varies markedly in abundance in different areas,

the smallest numbers occurring in the Bay of Fundy and westward

along the coast of Maine to Penobscot Bay. The population is every-
where at a minimum in late February and early March.

3. Calanus passes the winter largely in copepodite stage V, the final

moult taking place in February and early March shortly before vernal

augmentation.
4. An average difference of approximately one month in the time

of spawning in the eastern and western parts of the region is reflected in

succeeding generations after dispersal. Two breeding stocks can thus

be distinguished.

5. In the western stock there are two well-defined breeding periods,

March-April, and June-July, with a possible third in September, and
two periods, April-May, and July-August in the eastern stock.

6. A developmental period of two and one-half months is indicated

in both stocks, one month from nauplius I to copepodite I, one-half

month from copepodite I to copepodite V, and one month for the final

moult, maturation, and incubation of eggs.
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7. Mortality is highest among maturing adults.

8. The total length of life in spring and summer does not exceed

four months. The winter stock has a maximum existence of 10-11

months.

9. After reaching maturity the males die off before the females.

10. The western Gulf forms the principal source of supply of

Calanus for the entire region. Propagation east of Mt. Desert in the

inner Gulf is largely if not entirely, unsuccessful.
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THE INFLUENCE OF TEST MATERIALS ON
REPRODUCTION IN PONTIGULASIA VAS

(LEIDV) SCHOUTEDEN

A. B. STUMP

(From the University of Virginia)

The test of Pontigulasia vas resembles that of Dijflugia and other

closely allied forms. It consists of small sand grains cemented

together. These sand grains are collected by the animals before

division and are formed into the new shell for one of the daughter
individuals. According to Pateff (1926), Gruber in 1886 first described

division in Difflugia. More recently work on division in these forms
has been done by Zuelzer (1904), Goette (1916), Pateff (1926), and
others.

While experimenting with Pontigulasia vas, it was found that

reproduction could be prevented if the cultures were kept free of

substances used in shell construction. Division here was apparent ly

related to an inert foreign substance since the animals had plenty of

food and were in good condition. It was then decided to investigate
this problem further in the hope that the relationship between test

materials, mitosis and division in this form could be made more clear.

The writer takes pleasure in expressing his appreciation for the

interest of Dr. B. D. Reynolds, under whose direction this work was
carried on.

MATERIAL AND METHODS

The Pontigulasia used in these experiments were collected from

a number of ponds near Charlottesville, Virginia. After isolation

and identification the animals were placed in Syracuse watch glasses
with dean Spirogyra. These watch-glass cultures were kept in moist

chambers. The Pontigulasia were examined daily, using the wide

field binocular microscope, their number noted, and the water in the

cultures changed. All water for these cultures was filtered and the pH
value taken before using. During the time of the experiments the pi I

value ranged from 6.3 to 6.9. \Yhere sand or other substances were

used these materials were obtained as clean as possible and crushed in

a mortar with water. The smaller fragments and water were then

transferred to the cultures with pipettes. Observations on the

Pontigulasia while gathering materials for shell building were made
142
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with the !.(> or 8 mm. objective of a microscope. Both photomicro-

graphs and camera lucida drawings were made of these animals. It

was found that serial sections of Pontigulasia provided the only

satisfactory method to show the protoplasmic structures within the

shell. Sectioning was made possible by removing the silica dioxide

(SiO 2) of the shell particles with hydrofluoric acid (H 2F 2 ). The

Pontigulasia were fixed with Schaudinn's or Bouin's fluid and placed
in a solution of 70 per cent alcohol and 2 per cent hydrofluoric acid.

This solution was kept in paraffin-coated dishes. Ten to fourteen

days were needed to remove the silica. Stronger solutions were tried

but damaged fixation in most cases. Following removal of the silica,

the Pontigulasia were imbedded in paraffin by the usual method.

TABLE I

The culturing of Pontigulasia without shell materials and the effect on division.

Cultures with shell materials are the controls.

Culture number
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which was small, might have been overlooked before. Secondly there

might have been enough sand in the Spirogyra to furnish materials for

the shell. This one negative result can hardly affect the conclusion

that Pontigulasia vas will not divide unless materials for shell building

are present.

It was then thought that perhaps mitotic division had taken place

resulting in multinucleate forms similar to those produced in Anuvba

proteus by Chalkley and Daniel (1933). Sections of Pontigulasia vas

which had been cultured without shell materials showed them to be

in a normal condition. There was only one nucleus and, as far as

could be determined, the cytoplasm appeared unaffected.

The rest of these Ponlignlasia were given sand to determine if

their power of reproduction had been affected. After some delay
division took place. An individual from Culture 3 gave a typical

reaction. This animal made no effort at first to collect shell materials

but began to do so three days later. By the fourth day it had produced
a normal offspring. It appears, therefore, that the power of reproduc-

tion had not been permanently affected.

During the experiments the actions of the Pontigulasia without

shell materials were interesting. Much of the time was spent moving
about on the bottom of the watch glasses without any attempt to feed.

At such times the pseudopods would become ragged in outline with a

wide hyaline area at the ends. This type of pseudopod is usually

associated with the collection of test materials. Undoubtedly these

animals would have collected sand had it been present. After a day or

two of such moving about the animals would begin to feed again. At
other times they would go into a quiescent state for several days before

feeding.

Some work was done in an attempt to find when nuclear changes

began in relation to the sand-gathering activities. A number of

Pontigulasia were isolated for several days with plenty of food. Finely

ground sand was then added and the animals began to collect it. Tin-

gathering of shell materials took from 4^2 to 5 hours. The pseudopods
were next withdrawn and the new shell was formed immediately in

front of the mother individual. During this process a number of

animals were fixed and sectioned. It was found that mitosis was not

begun until the collecting process had been almost completed. Fig. 1
,

a, shows a section of a Pontigulasia which had been collecting shell

materials for four hours at the time of fixation. Nuclear changes here

are very slight. There is, however, a decided mass of chroma! in in the

center of the nucleus. The sand grains in this form are collected and

held outside the mother shell similar to Dijjlugia itrceolata as found by
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Zuelzer (1904). The vacuoles in the cytoplasm protruding from the

shell are pockets from which the sand grains have been dissolved.

Fig. 1, />, shows an animal which was fixed just after the collection

of shell materials had been completed but before the new shell was

formed. The nucleus in this animal is in middle prophase, showing
the chromatin granules on a definite linin reticulum. At this stage the

nucleus is much enlarged. This section also shows the details of the

shell very clearly. The internal diaphragm can be seen with the

cytoplasm flowing through it. This diaphragm is easily overlooked

in the living condition and the constriction between the neck and the

;i
EtAViX- ''*''

.,S:".-"W.v*

FIG. 1. Sections of Pontigulasia vas fixed while gathering test materials before

division. Camera lucida drawings. X 400.

a. This animal had been collecting fine sand grains for 4 hours. The shell in

this section was distorted when sectioned. Note that the nucleus is scarcely changed
from the resting condition.

b. Section of an animal which had been collecting for 4^ hours. The formation of

pseudopods had ceased but the sand grains were still a formless mass in front of the

mouth of the old shell. The nucleus is much enlarged and shows a definite linin

reticulum with the chromatin granules. Middle prophase. Note the constriction

and the internal diaphragm in the shell.

fundus is not as deep in these forms as described by Penard (1902),

Cash (1909), and Kudo (1931).

The process of division was not investigated further in this study,

but it seems fairly certain that nuclear division is not started until

the collecting of shell materials has been completed. A more complete

study of binary fission in this form is being made.

DISCUSSION

As far as these experiments on the control of division in Ponti-

gulasia vas were carried, it seems that reproduction can be prevented

by withholding shell materials. It is possible that division might have
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taken place if the cultures had been continued over a longer period

of time. This appears unlikely, however, for in some uncontrolled

cultures animals have been kept as long as 70 days without

reproduction.

There still remains the possibility that individuals without shells

were produced. If so, these naked animals could not have survived

long for no evidences of them were seen.

No definite effect of inhibited division can be given here. There

was a tendency for animals in cultures without sand to go into an in-

active state immediately after attempting to collect shell materials.

This inactive state lasted from one to three days. Also when such

individuals were given sand there appeared to be a delay in collecting

it and a delay in division afterwards. The animals resulting from such

division, however, were normal as far as determined. II these varia-

tions are a result of inhibited division then they must be considered

in the work done on nuclear division and its relation to shell materials.

The animals used in this part of the work were kept without sand for

a short time only in an effort to reduce any error from this source.

Nuclear division in Pontigulasia vas appears to be dependent on

the shell materials in the cytoplasm rather than the collecting action

of the animal itself. As the collecting process nears completion, the

Pontigulasia seem to be in a very unstable physiological condition. If

they are disturbed in any way the sand grains will be discarded and

division will not take place. Pateff (1926) found the same condition

in Difflugia mammalians when about to reproduce.

SUMMARY

1. Pontigulasia vas will not reproduce unless shell materials are

present in the cultures.

2. The shell materials are collected for a period of approximately
four hours immediately before division.

3. There are no changes in the nucleus until almost all the shell

materials are collected. Nuclear changes are begun, however, before

the formation of the new shell.
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THE WASTING DISEASE OF ZOSTERA MARINA 1

I. A PlIYTOLOGICAL INVESTIGATION OF THE DISEASED PLANT

CHARLES E. REXX

(From the Woods Hole Oceanographic Institution,'
1 Woods Hole, Massachusetts and

Department of Soil Microbiology, N. J. Agricultural Experiment Station,

New Brunswick, N. J.)

At the time that this study was begun, mid-summer, 1933, an

epidemic, wasting disease had almost entirely destroyed the normally
dense beds of the common marine eel-grass, Zostera marina, along the

Atlantic coasts of North America and Europe. Since the plant is a

prominent member of the shallow water community, sheltering a

variety of larval and small sea animals, serving substantially as food

for migratory game birds, and checking erosion of the bottom, and

because the leaves are used for packing, upholstering, insulating, and

other commercial purposes for which they are often peculiarly de-

sirable, the disappearance of the eel-grass became a problem of prac-

tical concern. It was recognized, too, that the extensive and persistent

wasting of Zostera might indicate phytopathological relationships in

the sea as significant as the more evident conditions in land vegetation.

A further impetus was given this investigation by the popularization
of a number of physical and chemical hypotheses for the depletion, of

restricted application, and usually of a prejudicial nature.

In Erance, Holland, Denmark, and Canada investigations were

already in progress (6), (7), (11), (13), (18). The history of the

disease here and abroad, the current condition of the eel-grass beds,

and the economic and ecological implications of the wasting have been

developed by a number of observers, and comprehensive summaries

have been published from time to time by the I'. S. Bureau of Bio-

logical Survey and others (1), (3), (6), (7), (10), (14).

This paper is an account of investigations upon the pathology
of the diseased eel-grass and upon the specific parasitic nature of an

unidentified Labyrinthula, an amoeba-like organism with mycetozoan

affinities, found in the leaves of the plant over the entire range of

the epidemic condition. They were- begun in the attempt to extend

the findings of Messrs. Fischer-Piette, Heim, and Lami of France,

1 Submitted as a thesis in partial fulfillment of requirements for degree of Doctor

of Philosophy, Rutgers University, 1935.
2 Contribution No. 90, Woods Hole Oceanographic Institution, and Journal

Series Paper of the N. J. Agr. Exp. Station.
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who early reported a pathogenic bacterium as active in the diseased

Zostera beds of their coast, and the work of Dr. H. Petersen of Co-

penhagen and Miss I. Mounce of Ottawa, who had studied a fungus
associated with the wasting in Danish and Canadian waters, re-

spectively (6), (11), (12). To these ends our results were negative

(16). None of the bacteria isolated from diseased plants demon-
strated pathogenic behavior in inoculation tests, and we failed to

find any satisfactory physical association with the symptoms in

leaves, stems, or roots in a variety of live specimens taken from the

neighborhood of Woods Hole, Massachusetts, or in preserved material

sent from many points along the American coast. From further

exchange of specimens we were able to establish that though the

fungus, Ophiobolus halimus, a new species described by Mounce and

Diehl, was undoubtedly very abundant along the Canadian, Danish,

and English coasts, it appeared only infrequently in diseased eel-grass

taken from representative beds running from the coast of Maine

southward, and that its development in these sporadic cases was

incomplete (12), (17).

Nevertheless, the symptoms of the wasting disease were identical

in the exchange specimens and preparations taken from many parts
of the American and European coasts, and these have remained

constant through the epidemic's duration.

INVESTIGATION OF THE DISEASED PLANT

The foliage of infected beds is represented by short, young, rapidly

growing, green leaves, eight to twelve centimeters in length, which

may not show the splotching and dark streaking characteristic of the

disease; by leaves of medium development, badly discolored and spot-

ted with brown or black; and by the wilted basal fragments of older

leaves sloughed away shortly after the disintegration of the greater

part of their green tissues. Usually, the spotting is confined to the

leaf epidermis, but it may arise in any green tissue, develop into plaques
of considerable area, or form mosaics of widely scattered, darkened

cells. The streaking, due to the serial infection of the larger, longi-

tudinally disposed mesophyll cells, is more striking; it is generally

sharply bounded by the longitudinal mesophyll spaces and terminated

by the lateral septa (Fig. 1). Its margins spread rapidly, from three

to five centimeters a day, or at higher rates during the warm summer
when the disease is most active.

Often, but not always, the cuticle and cortex of the stem are

irregularly pigmented with dark brown and black; the condition is not

uniformly associated with the disease. After defoliation of the plant,

through local activity of the parasite in the leaves, the stem may
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persist for one or two seasons to produce several new shoots each season

manifest in the apparent redevelopment of wasted beds. Eventually
the reserve food supply, the accumulation of which has been limited

by wasting, is exhausted and the weakened stems are invaded by bac-

teria, fungi, and attending saprophytes; the less vascular true roots

decompose rapidly in the mud.

Microscopic examination of discolored and streaked tissue does

not always reveal the protozoan parasite with which this paper is

concerned; the reason for this discrepancy will be clear when its life

history is described. On the other hand, the changes that can be

directly observed following experimental infection of the leaf are

identical with those given by histological preparations of the diseased

plant from naturally infected beds. \Yithin a few hours after the

cells have been entered by the parasite, the chloroplasts become olive

or straw colored and either pass to the periphery of the cell where they
adhere in masses, or coalesce near the center. Soon afterward they

fragment, and the small particles of chloroplast material become

dispersed through the cell or coagulate into dark, irregular clots. The
nucleus persists for a long time after the breakdown of the chloroplasts,

but finally takes on a spherical outline, granular texture, and brown or

black pigmentation; often it is hidden by debris. In addition, dark

globules of resinous substances, apparently produced by the injured

cell itself, and not identified with any of the broken structures, make
their appearances at intervals along the cell wall.

No changes attributable to the direct attack of the parasite upon
the stems and roots could be observed

; though the organism was found

in the cells of the stem cortex several times, it was never abundant

there nor uniformly associated with the discoloration of those parts.

The damage brought about by the protozoan parasite is reflected

systemically only through the destruction of the plant's food-syn-

thesizing mechanism. Death follows the loss of the photo-synthetic
function of the green leaves and the exhaustion of reserve food in the

stems.

I )KMONTSTRATION OF THE Ldbyrinthuld ix DISEASED EEL-GRASS

The spindle-shaped cells and interconnecting system of pseudo-

podia peculiar to the Labyrinthulce and characteristic of the protozoan

parasite of eel-grass were first observed in stained sections of diseased

leaves taken from the region of Nantucket. Massachusetts, in the

spring of 1
().U. That they had been overlooked until this time may

have been due to their unusual distribution in the infected leaf, always
well in advance of the visible streaking and discoloration itself, in the

en tissues beyond the borders of the visible symptoms, and also
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to their very slight refractility. Their staining, too, is highly specific

and difficult
;
to date a sequence of safranin, carbol-thionin, and Orange

G. dyes, though uncertain in results, has given the best demonstration

in formol-acetic-alcohol preserved field specimens. In these stained

preparations the spindle-shaped cells of the Labyrinthula occurred

with such persistence and were so suggestively oriented in the patho-

logical picture that they were singled out as being in some way related

to the disease.

A careful re-examination of specimens received from many points

south of Woods Hole to Beaufort, N. C., confirmed the association in

those waters, and later, when specimens were exchanged with Miss

Mounce in St. Andrews, N. B., and with Mr. Tutin in Plymouth,

England, the relations in these regions became evident also. Not long

afterward, viable Labyrinfhulce were demonstrated by these investi-

gators in their respective localities. Working independently, Mr.
Loraine Young observed and studied the organism in diseased leaves

in returning beds near Mt. Desert Island, Maine.

Dr. Frederick S. Sparrow of Dartmouth College identified the

organism as one of the Labyrinthulce, a family of the Proteomyxa,
characterized by peculiar interconnecting pseudopodia; he also made

many valuable suggestions relating to the culture and manipulation
of the form.

In many features the Labyrinthula in Zostera is similar to the

members of the family that have been described as parasitic upon
marine algae (2), (4), (9). It is not possible to identify the species with

any of these at this time, however.

As found in the infected plant, the Labyrinthula may appear as a

number of individual, colorless, slightly refractile, spindle-shaped cells

from 10 to 20 m/x long and 5 to 8 m/i in diameter, distributed at random
or in unrelated clusters through the green tissues and longitudinal spaces
of the mesophyll (Fig. 2) ;

as net-like aggregates of individuals connected

together by a web of fine, branching, terminally secreted pseudopodia

similarly disposed in the parasitized leaf (Fig. 3) ;
as pseudoplasmodia

formed of many individual spindles closely massed into thick cords or

less regular strands (Fig. 4) ;
or as what is apparently a resting stage

cyst-like, spherical bodies, about 6 to 10 m/j. in diameter, light brown in

color, surrounded by less dense, thick cuticles, and occurring mixed

with residues in the older infected tissues (Fig. 5).

The spindles are motile; in the net-like organization they glide along
the interconnecting pseudopodial web at rates in excess of 50 m^u per

minute. They tend to concentrate in newly invaded tissue entrance

to which is gained by local digestion of the cell walls. The pseudo-
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plasmodium, sometimes relatively massive, also performs progressive

movements, though not so rapidly as the individual cells; terminal

masses of spindles may disperse to form a number ot more lively

branches (Fig. 6).

FIG. 1 FIG. 2

1

FIG. 3 Fin. 4

I'I.ATK I

lu,. 1. Typical symptoms ot" the wasting disease in the leaf. Note extensive

streaking in the mesop^hyll and mosaic infection of epidermal cells at upper right.

Photomicrograph of clove oil-cleared preparation, stained with safranin ; 410.

l
; Ki. 2. Individual spindle cells of Labyrinlhula. No evidences here of pseudo-

podial net-structure. Photomicrograph from living preparation C 480.

FIG. 3. Chain-like aggregates of connected spindles extending through longi-

tudinal mesophyll space at boundary of infected /one. Note broken tissue at left

and healthy mesophyll cellsat right. Photomicrograph of living preparation X 445.

FIG. 4. Pseudoplasmodium in recently infected mesophyll tissue. Note early

stages of degeneration in invaded mesophyll cells at left. Photomicrograph of living

preparation X 480.

All of these behaviors may be observed readily in (Limp cell mounts
of excised, living, infected leaf tissue, and they may be extended to the

study of the parasitic behavior by adding fresh, uninfected tissue to
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these mounts, a procedure giving an excellent demonstration of tin-

migration of spindles and pseudoplasmodia into new host tissue.

DEMONSTRATION OF PARASITISM

A method of this design was employed in establishing the parasitic

nature of the Labyrinthula found in eel-grass. Thirty-six damp cell,

FIG. 5

AT THIS POINT A SMALL SL
OF UNINFECTE& LEAF
WAS ATTACHED AS CHEC*
-NO CHANGE AFTER
"JO HO'.RS-

SMALL PIECE OF DISEASED
LEA C WAS ATTACHED AT
THIS POINT IN so HOURS
THERE is DISTINCT
INFECTION AND STHEAKS

UNINFECTED LEAF ATTACHED
-NO CVUN3E - 30 H&URS

DISEASED LEAF ATTACHED-
INFECTED IN 3O HOURS

IIMENTAL INFECTION OF

GRASS IN AQUARIUM

FlG. 7

FIG. 6

PLATE II

FIG. 5. Cyst-like resting stages of the Labyrinthula lying in mesophyll spaces
of blackened leaf X 475.

FIG. 6. Dissolution of pseudoplasmodium into individual spindles. Here the

centrally placed "vacuoles" may be distinguished. Photomicrograph of living

preparation X 1520.

FIG. 7. Demonstration of inoculation method. This leaf was taken from an

aquarium experiment. In the field the inocula and checks were spaced at intervals of

about four inches. Here the tendency of inocula to overrun checks is already evident.

hanging drop preparations were made, each consisting of small tangen-

tial sections of living, uninfected leaf held against the under side of

the cover-glass by a thin droplet of Seitz-filtered sea water in which, at
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a distance of about a millimeter from the test tissue, small pieces of

diseased leaf containing viable Labyrinthula cells were also placed.

Care was taken to avoid serious contamination.

Within eight to forty-eight hours the migration of motile spindles

or the extension of pseudoplasmodia from diseased sections to the

originally uninfested tissue and the invasion of the new host was

evident in these preparations.

In these recently invaded pieces of host tissue the progress of

disintegration was identical to that observed in sections of the living,

diseased leaf studied earlier. Thirty of these preparations gave posi-

tive results, while ten check mounts containing green tissue and no

"inocula" demonstrated that the tissue might be maintained in good
health under the conditions of the experiment. One of these checks

became contaminated by an air fungus, but nowhere else in these tests

did mycelium appear.

1 ii.i.n INOCULATION EXPERIMENTS

That damp cell inoculation of excised leaf tissue may not indicate

the parasitic habit of the Labyrinthula in nature is quite clear, but this

criticism is effectively answered in field experiments repeated a number
of times in selected eel-grass beds in Hadley's Harbor, near Woods

Hole, during the summers 1934 and 1935.

Here healthy plants were inoculated by fastening to their leaves

small pieces of diseased leaf, and check preparations were made by

attaching pieces of normal leaf, or bits of paper to the same leaves.

These were usually arranged alternately as shown in Fig. 7. Small

cork clamps held the inocula and checks in place and great care was

exercised to avoid mechanical injury of the test plant. The experi-

ments during late summer, 1934, were directed toward determining the

validity of this technique and adapting it to the more detailed studies

that followed, but it was notable in these preliminary trials, repeated

four time in two separate beds, and using from twenty to twenty-five

tests in each trial, that the plants uniformly showed a degree of in-

fection greater than 50 per cent at the end of two clays exposure. The

inoculated leaves were always marked with the symptoms of the

disease generating from the points at which the inocula were attached,

and the checks were free from any discoloration. Sections prepared

from the newly infected leaves invariably showed heavy invasions of

viable Labyrintlndcc, and of no other form, and such sections attached

to clean plants brought about infection in the new host.

During the following summer, 1935, the field inoculation experi-

ments were resumed in more detail to con linn the impressions of the
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previous year and to discover why the Ophiobolus did not appear in the

inoculated leaves, though the mycelium had been found occasionally

in specimens taken from nearby beds. The same method of inocula-

tion was followed; about sixty inoculations and checks were prepared
each time, but instead of removing all of the plants at the end of two

days as before, part were removed and examined after one day, another

aliquot after two days, and the remainder after three days.

These specimens were studied very closely; free-hand sections were

prepared from both checks and inoculations and inspected under the

high dry powers of the microscope. Table I summarizes the results of

this search.

TABLE I

Incidence of Labyrinthula and other Invaders in Field Inoculation Experiments on

Zostera marina
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hut the results obtained confirm those secured earlier in the season

and are given in Table II.

TAUI.K II

Incidence of Labyrinthnla and other Invaders in Field Inoculation Experiments on

Zostera marina
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If desired, the cover-slip could be lifted from the slide and the host

tissue removed with fine tweezers to leave an unobstructed field in

which the movement and development of the Labyrinthula might be

studied over a period of four to eight hours.

Some cursory inoculation experiments using the isolated Laby-
rinthulce as inocula have not given satisfactory results.

DISCUSSION AND SUMMARY

From distribution studies on specimens representing the range of

the wasting disease and taken over a period of three years, it appears
that the Labyrinthula demonstrated in these experiments is universally

associated with the epidemic condition. It did not occur, for example
in eel-grass from Nanaimo, B. C., where the wasting disease has not

been active, though the leaves of the plants were marked by lesions of

various bacteria, fungi, and worms.

Histological examination and inoculation experiments indicate

the true parasitic nature of the Labyrinthula. The rapidity with

which it produces infection in these experiments is commensural with

the aggressive habit of the disease in nature, and in this respect it

seems to be the only organism transferred in a time interval comparable
with the severity of the disease. The appearance of mycelium after

several days, following the invasion by Labyrinthula, suggests a minor

role for the fungus. Until this is definitely established by inoculation

tests in the more northern waters the alternative of two active parasites

must be considered. This does not seem likely, however, for the

Labyrinthula is present and viable in the middle Atlantic regions

throughout the year it is notably more destructive in the late

summer. If the Ophiobolus be a true parasite, its parasitic habit must
be restricted to the Canadian and north European waters where it

reaches its complete development.
From its observed behavior the Labyrinthula appears to be a specific

parasite of Zostera marina L., but until the life history of the organism
has been studied more carefully, it seems unwise to constitute a new

species. It will be necessary, too, to attempt further host transfer

experiments and to search for the Labyrinthula among related plants
and members of the same community.

No attempt has been made in this paper to consider pertinent

epidemiological problems; these are reserved for a report on field

studies now in progress.
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INTRODUCTION

The study of color changes in crustaceans has for a long time occu-

pied the efforts of investigators. Pouchet (1876) believed such changes
to be under the control of the nervous system. But Perkins' (1928)
and Roller's (1928) independent discoveries that a hormone, which ef-

fected concentration of the body pigment, was elaborated in the eye-
stalks of Palccnioiictcs and of Crangon opened a fertile field for re-

search. Since that time a series of studies by Koller and Meyer
(1930), Smith (1930), Kropp and Perkins (1933), Hosoi (1934) and

Hanstrom (1935) has shown this hormone to be present in a large

number of crustaceans.

Brown ( 1935) has offered the opinion that more than one chromato-

phore-activating hormone is secreted from the eye-stalk into the blood

stream. Hosoi's report (1934) that extracts of various organs of Pe-

IHCIIS japonicus were able to concentrate the chromatophores of blinded

Paratya coinprcssa, might be taken to indicate that the chromatophore
reaction is merely a non-specific reaction to protein extract. But I am
inclined to attribute his results to traces of the hormone present in the

blood coagulated within the various organs used.

This heretofore entirely physiological problem was given a morpho-

logical aspect by the discovery in crustacean eye-stalks of certain struc-

tures which seem to be secretory in character (Koller. 1930; Hanstrom,

1931, 1935; Sjogren, 1934). "Brown (1933) and Hosoi (1934) re-

ported the presence of the chromatophore activator in extracts of the

ventral nerve cord, but no histological study of this organ has been made
to discover similar secretory structures.

The complexity and similarity of this eye-stalk hormone to the pitui-

tary secretions of vertebrates had already suggested itself to Kropp
159
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(1932), who investigated the possibility of a gonadotropic effect on im-

mature rats. In 1934 Xavez and Kropp found that the crustacean

chromatophore activator possessed growth-promoting properties when
tested by means of decapitated coleoptiles of Arena.

Closely related to this subject of control of crustacean body pigments
has been that of retinal pigment migration. The literature, up to within

recent years, deals almost exclusively with such topics as the effects of

light intensities, spectral colors, and temperature on the rate of migra-
tion. Only recently (Bennitt and Merrick, 1932) has there been any

attempt to approach this problem from a chemical basis.

Parker (1897), in his study of the structure and positional changes
of the retinal pigment cells in Palamonctes, could find no nerves supply-

ing the distal pigment cells. Still, the problem of interrelationship of

the eyes, a controversial and as yet unsettled one in vertebrate physiol-

ogy, was brought into the discussion. The crux of the problem, briefly,

is this: that if retinal pigment migration is independent of the central

nervous system, then the condition of the pigment in the light-adapted

eye of an animal should have no effect on that of the other covered eye

of the same animal, and, conversely, if the central nervous system is

involved in retinal pigment migration, one eye may be
"
sympatheti-

cally
"

influenced by the condition of the other eye. The evidence pre-

sented on this point has been inconclusive. Parker (1897) believed

from his experiments with Pahcuionctcs that retinal pigment migration

was independent of the central nervous system, but von Frisch (1908)

using Palceinou could get no decisive results. Castle (1927), who con-

fined his study to the proximal pigment cells in the eyes of Palcemonetes,

concluded that an illuminated eye was without
"
sympathetic

"
effect on

the position of the pigment in the covered eye. Bennitt (1924, 1932a)

worked with several decapod crustaceans and found that the condition

of one eye influenced the other covered eye of the same animal.

In 1932 Parker suggested the possibility of a hormonal agent in reti-

nal pigment migration, a factor already hinted at by Welsh (19306)
and by Bennitt. This field of research was suggested to me by Pro-

fessor G. II. Parker, to whom I wish to express my thanks and obliga-

tions for many kindnesses. The specific problem undertaken was to

investigate the action of the crustacean eye-stalk hormone on the retinal

pigments.

MATERIAL AND METHODS

The extracts of the eye-stalks of the various animals used in these

experiments were prepared in essentially the same manner. A number

of stalks were excised at their proximal ends and were triturated by
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means of a glass rod in a small Syracuse dish, the bottom of which had
been previously roughened with powdered carborundum. The solvent

was then added to this crushed tissue. Sea water was first used for this

purpose, but was later abandoned in favor of amphibian Ringer's solu-

tion, since the latter was more constant in composition, being free from

any dissolved foreign substances that might have occurred in the sea

water, and could be used as a standard control substance.

After this preliminary treatment, the mixture was stirred for two

minutes, as much of the coarse detritus separated off as possible, and the

suspension of tissue in solvent drawn up into a hypodermic syringe.
The extract was not filtered because of the small quantities prepared at

one time. Control extracts of other tissues of the animals were pre-

pared in the same way, or ordinary Ringer's solution with no tissue was
used.

In those experiments where the extract was to be prepared from eyes

adapted to darkness, use was made of two adjoining dark-rooms. The

specimens were kept in one dark-room and were removed singly to the

second room where, with the aid of a photographic safelight (Brownie
Series No. 1) both eyes were excised and immediately crushed. With

practice this operation could be performed within 30 seconds. It seems

reasonable to assume that this short period of exposure to dim light

would not induce in the eye the formation of a substance which might
affect the retinal pigment. When a sufficient number of eye-stalks had

thus been accumulated and crushed, the solvent was added and the proc-
ess of extraction continued as above.

Injections of these extracts were made into the appropriate animals.

In the first tests where extracts were injected into light-adapted shrimps
little difficulty was encountered, but in later experiments the necessity

of injecting in the dark-room into dark-adapted specimens presented
certain technical difficulties. The initial results, disconcerting in their

negativeness, were attributable to such factors as difficulty in capturing
and removing an animal from the aquarium, penetration of the hypo-
dermic needle too far into the shrimp with the result that the injected

fluid entered the gill space, and injection of too large quantities of ex-

tract thereby causing the death of the specimen. With progress of the

work, however, a satisfactory technique was evolved, which is considered

of sufficient value to be described here in detail.

Before starting the experimental animals adapting to darkness, each

shrimp was placed into a 600 cc. beaker containing about 300 cc. of sea

water. The beakers were then transported to the dark-room and ar-

ranged in linear groups of five. Ten to twenty-five animals could thus

be used conveniently for a single experiment. After an interval suffi-
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cient to assure dark-adaptation the specimens were ready for injection.

Parker (1897) found that the time required for complete outward

migration of the distal pigment cells in adaptation to darkness was from
105 to 120 minutes, while "Welsh's (1930a) observations indicate that

the time for this migration is only slightly less, from 90 to 120 minutes.

In the early part of this study shrimps were left in the dark-room usu-

ally overnight, but this was later shortened to a period of 5 hours. This

interval also suffices for complete dark-adaptation of the proximal and

reflecting pigments. Adaptation to light was obtained by keeping speci-

mens in a white porcelain dish which was illuminated from above by
an electric lamp.

Upon entering the dark-room, the first animal in the series was re-

moved from its beaker and held in the left hand. After orienting the

specimen with its dorsal side uppermost, the tip of the hypodermic

syringe, which was held in the right hand, was inserted between two

of the abdominal tergites. As soon as the needle was felt entering, it

was twisted downward and slipped forward a fraction of an inch, so

as to enter the abdominal musculature obliquely. The plunger was then

tapped gently downward about half a dozen times, the needle withdrawn,

and the shrimp replaced in its beaker. Immediate exit was made from

the dark-room to record the time and amount of extract injected. This

process was then repeated for the entire series of animals in an experi-

ment. With a little practice, manipulation of the hypodermic plunger

could be well controlled, with the consequence that, in the several hun-

dreds of specimens used in this study, amounts of extract ranging from

0.01 cc. to 0.05 cc. were injected. Occasional difficulty was encountered

when an animal jerked while injection was being made. In some such

cases the needle might emerge and part of the extract would be lost.

All cases of this sort where there was any doubt as to whether the ex-

tract had entered or remained in the specimen were noted. It may be

added, parenthetically, that there could be no absolute certainty that the

complete volume of injected extract remained within the animal
;
a small

part might have been expelled by the body movements of the shrimp,

but it is hoped that this possible error was reduced to a minimum by

injecting obliquely forward.

In order to make readings of the position of tin- pigment in the

eyes of the experimental .specimens, two methods were used. In one

(Welsh, 1930a), where the experimental animal was adapted to light,

observations were made chietly on the living shrimp. To this end the

bottom of a I'etri dish was covered with a layer of soft paraffin from

which a block about one-half inch square was cut, exposing the glass

bottom of the dish. A shrimp was fastened down by means of sta-
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tioner's staples so that its eye-stalks projected over this opening and the

dish was then filled with sea water sufficiently to cover the specimen.

By placing the vessel on the stage of a microscope, the position of the

distal retinal pigment could he observed and recorded by means of a

micrometer eye-piece. After an injection of eye-stalk extract, the

animal could again be fastened down and the position of the pigment
measured at suitable intervals.

In the second method where the specimens were adapted to darkness

before injection of the stalk extract was made, it was necessary to fix

the eyes before any readings could be taken of the position of the pig-

ment. This was done by killing animals at varying intervals after in-

jection by immersion in hot water (80-90 C.) for 10 to 15 seconds.

Following this preliminary fixation, the eye-stalks were excised, de-

hydrated, and cleared, either in oil of cedarwood or in beechwood creo-

sote. The position of the distal pigment in the cleared eyes could then

be measured. It was necessary to embed and section the eyes to observe

the proximal and reflecting pigments. This was facilitated by first

washing the cleared eye-stalks with ether-alcohol solution and then em-

bedding doubly in celloidin and in paraffin. Sections were cut at 10

micra, some being subsequently stained with Delafield's hematoxylin
and eosin, and others being mounted unstained.

The animals used in this study were all crustaceans of the order

Decapoda. The common marine shrimp, Palccnwnctcs vulgaris, was

chosen as the test organism and, for a number of reasons, proved to be

very favorable material. First, it is a commonly occurring form that is

easily obtained in sufficient quantities. These specimens were readily

secured in Boston from a dealer in live bait. During the summer

months at Woods Hole they were caught by sweeping a dip-net along

pilings and rocks covered with the alga, Fucus. Secondly, the mechan-

ics and time periods for retinal pigment migration are well known

through the excellent studies of Parker and of Welsh. Thirdly, the test

shrimp, Palccmouctes, does not experience the retinal condition of per-

sisting diurnal rhythm (personal communication from Dr. Welsh)
which has been found occurring in a number of crustaceans (Welsh,

19306, 1935; Bennitt, 19326).

Animals whose eye-stalks were tested for the presence of a hormone

that affected retinal pigment were: PaUcnwnetcs vulgaris, the common

shrimp; Uca pugilator, the fiddler crab; Libinia dubia, the spider crab;

Cancer irroratns, the rock crab ; Carcinidcs m&nas, the green crab ;
and

Callinectes sapidus, the blue crab. The results of this investigation are

considered below under separate headings.
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STRUCTURE OF THE EYE OF PAL.EMONETES

For a detailed description of the finer structure of the eye and an

account of the mechanics of pigment migration, the reader is referred

to the papers of Parker (1891, 1897) and of Welsh (1930a, 1932).

For this paper a description of the three types of pigment cells and their

relation to the eye as a whole is deemed sufficient.

The eye of Palcemonctcs is a compound structure consisting of om-

matidial units. Composing or concerned with each ommatidium (Fig.

1) are the following structures: cornea (O, cone, rhabdome (RH},
fenestrated basement membrane (BM), and the three types of pigment
cells, the latter enriched by a varied terminology, but for purposes of

simplicity and greater descriptiveness referred to here as distal (DP),
proximal (PP), and reflecting (RP) pigment cells.

Tn each ommatidium there are two distal pigment cells which form a

collar around the cone. These cells possess distal processes which ex-

tend to the cornea, and proximal processes which appear to be continu-

ations of the proximal pigment cells.

There are eight proximal cells, one of which is rudimentary, to each

ommatidium, all surrounding the rhabdome. Proximally beyond the

rhabdome these cells become attenuated, pass through the fenestrated

basement membrane, and, as retinal nerve fibers, connect with the first

optic ganglion. These proximal cells appear to be the only retinal cells

to have an anatomical connection with the central nervous system.

The reflecting pigment cells are located near the basement membrane.

Processes from them may extend proximally through the basement

membrane as far as the- first optic ganglion, while distal processes may
reach outward to the tip of the distal retinal cells where some of the

reflecting pigment is accumulated in a small cap. The number of re-

flecting cells is difficult to determine unless sections are treated by spe-

cial histological methods to remove the pigment and stain the nuclei, but

Parker (1897) believes that there are no more than one or two of these

cells for each ommatidium.

Black pigment granules are contained in both the distal and the prox-

imal retinal cells. Tn the reflecting cells the pigment is of a different

sort. When this pigment is viewed through the microscope by trans-

mitted light, it appears yellowish or greenish brown and is barely distin-

guishable from the black pigment of the proximal and distal cells; ex-

amination of the same section by dark-field illumination, however, shows

the reflecting pigment as a gleaming white granular mass. The pig-

ment itself is probably guanin, though, as far as I am aware, few studies

of the chemical nature of this white pigment have been made among the
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FIG. 1. Ommatidia from the eyes of Palcemonetes vulgaris, showing the gen-

eral structure and the position of the three pigments under various conditions. L,

from an eye in the light condition; D, from a dark-adapted eye; E, from an ex-

perimental animal which, after being adapted to darkness, was injected with stalk

extract prepared from the eyes of light-adapted specimens. C, cornea; DP, distal

pigment ; PP, proximal pigment ; BM, basement membrane
; RP, reflecting pig-

ment
; RH, rhabdome.

invertebrates and none among the crustaceans. Guanin is commonly
found occurring- in crystalline condition in the integument of lower

vertebrates (Ewald and Krukenberg, 1882, 1883). It is thought by
some investigators to be formed fr.om alimentary nucleoproteids and by
others to be formed endogenously from nucleoproteids of the body tis-

sues (Millot, 1922, 1923a, 1923&).



ltt> I-. H. KLRINHOL7.

XORMAI. PHOTOMECHANICAL (.'H.\N<;KS IN THK KYK OK PAI..KMOXETES

I he positions t the retinal pigment cells characteristic for the con-

ditions in darkness and in light are shown in Fig. 1. The distal pigment
cells in eyes which have become fully adapted to darkness have migrated

distally so that they terminate approximately at the outward level of the

cones. In this position, according to Exner (1891), lateral rays of

light might be admitted through one cone and then be allowed to diffuse

to the receptors of adjacent ommatidia, thereby increasing the efficiency

of the eye.

In the light condition, the distal pigment cells have migrated prox-

imally a distance of 150-200 micra, and have the form described by
Herrick (1891 ) of a "plaited black ribbon." Parker (1897) regarded

this appearance as abnormal, due to a prolonged stay in the dark before

exposure to light, but Welsh ( 1930u) has found this to be a normal oc-

currence. T find this same condition to be typical in my preparations

of light-adapted eyes. In this position the distal pigment cells prevent

overstimulation of the rhabdome by excluding lateral rays and by admit-

ting only those axial light-rays which enter the rhabdome by way of the

cone.

The proximal pigment may be considered as moving in directions

opposite to that taken by the distal pigment in response to light and to

darkness. In the light, the pigment granules are found in a distal posi-

tion above the basement membrane, while in a dark-adapted eye the pig-

ment has migrated proximally below the basement membrane. The

means by which the migration of the proximal pigment occurs has not

been studied, but it has been assumed by Parker (1897), Mossier

(1915). and Bennitt (W24) to result from some form of protoplasmic

movement.

Kxner ( 1S ( H ) first railed the layer of reflecting pigment the tapetum.

Its function appears to be the reflection of light from within the eye so

that in darkness or in dim light, rays, which have entered the eye and

have passed through the rhabdome. may be reflected back again into the

rhabdome or even out of the eye. Stimulation may thus be accom-

plished by repeated application of weak light to the rhabdome. where

ordinarily the light would have been of insufficient intensity to have any

retinal effect. The glow which emanates from the eyes of many crusta-

ceans which have been kept for some time in the dark is due to the re-

flection of light from the eye by the reflecting pigment.

It was believed for a time that the reflecting pigment did not change

its position under various conditions of light, and from the common

understanding that this pigment acted solely as a reflector no photo-

mechanical change was considered necessary, so long as the proximal
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pigment moved to cover or uncover the tapctum. Hut Parker (1897)

thought that the reflecting pigment in Pahcnwiictcs underwent posi-

tional changes in adaptation to light and to darkness. This was sup-

ported by reports of Trojan (1913) and of Mossier (1915) on Pal&-

nion, and confirmed and extended by Welsh on Palcemonetes and on

Macrobrachium (1932). In the dark-adapted eye the greater part of

the reflecting pigment lies above the basement membrane (Figs. 1, 5,

9, and 10), while in a fully light-adapted retina much of it, except for a

small portion, lies in processes below the basement membrane (Figs. 1,

6, 11, 12). Little is known about the mechanics of migration of this

pigment.

Palanionctcs rnlgaris

Four groups of tests involving the use of eye-stalk extract from

this animal were carried out. In the first two groups, observations

were made on living specimens in the manner already described above;

TABLE I

Proximal migration of the distal retinal pigment cells in a series of dark-adapted
test Palcsmonetes as a result of injecting individuals with 0.02 to 0.04 cc. of an

extract of 60 eyes of light-adapted F'alamonetes in 1.0 cr. of sea water. Specimens
were killed at various intervals after injection. The position of the pigment is given
in ocular micrometer units (1 unit being equal to 16.2 micra) and was measured from

the surface of the cornea to the distal margin of the pigment cells.

Minutes after injection
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of the distal retinal pigment similar to that produced on the body pig-

ment. Stalk extracts were prepared from the eyes of light-adapted

specimens and were injected, in the dark, into test shrimps which had

260

15 20 25

TIME IN

30 35 40 45 50

MINUTES
FIG. 2. Results of the measurements shown in Table I, plotted to show rate

of migration of the distal pigment cells in a series of animals which have been in-

jected, while adapted to darkness, with extract from the eye-stalks of light-

adapted Palccnwnetes. The broken curve represents Welsh's figures on the rate

of migration of the distal pigment during adaptation to light.

been adapting to darkness overnight. An extract of 60 stalks in 1.0 cc.

of sea water was prepared and injected in doses ranging from 0.02-0.04

cc. into the animals of a series. After the preliminary fixing and clear-



RETINAL PIGMENT MIGRATION 169

ing of the stalks of the injected shrimps, the position of the distal retinal

pigment was measured by means of a micrometer eye-piece. Proximal

migration of this pigment had occurred, a maximum being reached in

those animals killed from 3045 minutes after injection.

The set of measurements for one such series is represented in Ta-

ble I. The three uninjected controls were killed at intervals during the

course of the experiment, one when injections into the test shrimps
were about to be started, one at about the middle of the experimental

period, and the third when the last injected specimen was fixed. Since

the controls showed some variation in the position of the pigment, not

only among themselves, but also between both eyes of the same animal,

the average position of the distal pigment in all six eyes was taken as the
"
zero reading

"
for dark-adaptation.

The average measurements from both eyes of the test specimens of

this series, when converted into micra and plotted against time after

injection, give the curve (solid line) shown in Fig. 2. The broken-line

curve in this figure is a transcription of Welsh's measurements on the

rate of migration of the distal pigment cells during the course of adapta-
tion to light. The general similarity of the two curves is at once evi-

dent. The rate of change is slow at first, but after 10 minutes is in-

creasing rapidly, being 10 micra per minute for Welsh's curve, and

about 6.5 micra per minute for mine. Welsh's figures show that the

rate of migration begins to decline after about thirty minutes when the

migration has neared its maximum, but that there is a secondary move-

ment when the distal pigment cells contract into the plaited form ob-

served by Herrick (1891). Since my measurements were made on a

number of animals and are consequently subject to more variation than

Welsh's consecutive readings on the same individual, I have not felt

justified in indicating this secondary movement graphically, although

from a study of my sectioned material it is known to occur.

The difference in rate of migration between the two curves invites

interesting speculation. If we assume that in the dark no effective hor-

mone is being released into the blood stream and that with light stimu-

lation such a hormone is secreted until the pigment has contracted, we

may expect that constant stimulation of the eye by light will result in a

continuous secretion of the hormone to maintain the pigment in a state

of contraction. Since my test specimens, however, were kept in the

dark-room throughout the course of the experiment, the only hormone

present within the body was that injected into the shrimps. The dosage

and concentration used makes this equivalent to 1.5 light-adapted eye-

stalks injected into each individual. The experimentally injected ani-

mals thus not only had a smaller amount of hormone than light-adapting
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shrimps, but were also lacking a continued secretion which would occur

during the proces> of adaptation to light. At this time, however, not

very much importance can he attached to this aspect of the problem.
More exact quantitative treatment must be delayed until the crustacean

eye-stalk secretion can be isolated or prepared in purer form.

The scatter and the greater amount of migration obtained in my
curve is due, I think, to variations in si/.e of individual eyes and to the

fact that my specimens were probably slightlv larger than those used

bv Welsh.

24
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MINUTES AFTER INJECTION

IMG. 3. Graph showing the change in position of the distal pigment in the eyes
of dark-adapted i'lilccnionctcs at var\ing intervals after injection with light-

adapted eye-stalk extract. Kach square represents the average of the positions in

both eyes of a single animal, and the larger circles represent the averages of all

eyes measured at similar intervals after injection. The wide scatter shows the

inadequacy of this method for quantitative measurements.

Any attempt at an exact quantitative determination of rate of migra-
tion of the distal pigment, made bv killing individuals at varying inter-

vals, is necessarily unsatisfactory. For rough estimates, these methods,

used by Parker (1897). -Mossier (1915), and Welsh ( 1930a), indicate

the time required for complete adaptation to light or to darkness. But

even so then- is a considerable degree of deviation. Welsh reports,
"

In

some eyes the distal pigment cells wmiM have reached the extreme posi-

tion characteristic for tin- light in thirty minutes, and in other eves this

would not be reached until >ixt\ or seventy minutes in the light."

Mossier (1915) attempted to reduce this error by taking measure-

ments on a number of eyes after each period of exposure to light and
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then averaging the results. But this too was not very satisfactory. I

have attempted a similar though more extensive method, using measure-

ments made on about 200 eyes from dark-adapted Palamonetes which

had been injected with extracts of light-adapted stalks. The results are

shown in Fig. 3. In this graph each square represents the average of

the position of the distal pigment in both eyes of an experimental ani-

mal ;
the large circles represent the averages for all specimens killed at

the same periods after injection. Except for about half a dozen speci-

mens which showed little or no response to treatment with the eye-stalk

extract, possibly because of inadequate injections, practically all of the

other experimental animals showed some degree of distal pigment migra-

tion, although here too there is some discrepancy, even in animals killed

at similar times after injection. These variations are reasonably at-

tributable to such factors as individual differences in the size of the

eyes and in the physiological conditions of the animals. Welsh (1930a)

came to the conclusion that no really accurate measurement of the rate

of migration of the distal pigment could be made except by studying this

process in single individuals. Similarly, it is my opinion that any fur-

ther quantitative studies of hormonal effects on this process will need

to be made by a method identical with or similar to that finally used by

Welsh.

When sections of eyes from experimental animals in this third group
of tests were examined histologically, the proximal migration of the

distal pigment was confirmed. The proximal pigment was apparently

unaffected by the stalk extract, since it remained in the position typical

for darkness. The reflecting pigment, however, was observed to have

migrated proximally into the light condition. In an earlier paper,

Welsh (1935) mentioned some of my unpublished results where the

eye-stalk hormone was reported to have no effect on the reflecting pig-

ment. At that time I had examined the first of my preparations only

superficially and was misled by the difficulty of distinguishing, by trans-

mitted light, between the pigment in the proximal and in the reflecting

cells. Subsequent examination of the same and additional material by
means of dark-field illumination showed that after injection of stalk

extract the greater part of the reflecting pigment had moved below the

basement membrane (Figs. 1, 7, 8, 13, 14).

Two control experiments were performed for this third group of

tests. Whenever a series of Pahenionctes was put into the dark-room

in preparation for injection with stalk extract, several primary control

specimens were included along with it. These primary controls were

uninjected and were fixed at intervals during the course of each series.

The distal pigment in the eyes of such controls showed variations of
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1-3 micrometer units (16-48 micra). Three series of secondary con-

trols consisted of specimens which were first adapted to darkness and
then injected either with sea water, cold-blooded Ringer's solution, or

sea-water extract of shrimp's abdominal musculature. A total of 47

specimens were treated as secondary controls and in none of these was
there any momentous change in the position of the distal pigment cells.

The slight variation noted in the primary controls was also evident here,

but this was undoubtedly due to differences in the eyes of individuals

and has no significance for these experiments.
In the fourth group of tests, shrimps were adapted to darkness as

before, but the stalk extract was prepared from J'alccinonctcs which had

been adapted to darkness. The method of preparing these dark-room

extracts has been described above. Concentrations equivalent to 60
stalks in 1.0 cc. of amphibian Ringer's solution were injected in small

quantities (0.02-0.04 cc.) into 41 dark-adapted test animals. The

specimens were killed at an average time of 33 minutes after injection
and the position of the distal pigment measured. A partial migration
of the distal pigment towards the condition characteristic for light oc-

curred, but this movement was not as marked as that resulting from the

injection of extracts prepared from light-adapted stalks. For purposes
of comparison the average position of the distal pigment in the eyes of

this group are represented graphically with that of the third group where

the same concentration of extract was injected into a nearly equal num-
ber of specimens (Fig. 4). Extracts from light-adapted eyes are seen

to be almost twice as potent as those prepared from dark-adapted eyes.

The probable significance of this difference will be discussed below.

Cancer irroratus

In examining the effects of stalk extracts from the eyes of various

crustaceans on the retinal pigment of the test animal. Palcrmonctcs. the

chief interest centered on the response of the distal pigment cells which

were most easilv observable, but where possible, the fixed eyes of the

test shrimps were sectioned to study also the reactions of the proximal
and reflecting pigments.

Since it became apparent from the early work with I'ahcmonctcs ex-

tract that no reliable measurements could be obtained for the rate of

response of the distal pigment to stalk extracts by the method used, it

was decided to abandon this procedure, and, by a roughly quantitative

method, attempt to study the effects on an "average" test specimen.

Shrimps which survived treatment with a particular extract were killed

at an interval of 30-40 minutes after injection. The average time the

extract was allowed to act before killing the test animals and the average
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position of the distal pigment for all the eyes studied in a series were

then calculated and tabulated (Table II J. The measurements ob-

tained from the eyes of primary controls were treated in the same

fashion. A number of secondary controls, consisting of test Pahc-

inonctcs into which various tissue extracts had been injected, were also

studied, but these observations were not included in the tabulated results.

In this first series, 46 specimens of Pahcnwnctcs, adapted to clark-
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{'id. 4. Graphic representation of tin- position of the distal pigment in

"average" test specimens as a result of injecting extracts from the eyes of

various decapod crustaceans. Co, control uninjected specimens; C, extract from

eye-stalks of Cancer irnmilus; /., extract from eyes of f.ilnnia dnbia; CA, stalk

extract from Carcimdcs nucims; V, extract from Uca pitt/ilator; /./', extracts from

eyes of light-adapted I'liltcmonctcs 7 /</< i',v; /)/', extracts from darkness-adapted

eyes of Palanwnelcs vulgaris; CL, extracts from eyes of Callincctcs sapidus.

ness, were injected with small <|ttantities (ranging from 0.02 to 0.04 cc.)

of an extract of 10 light-adapted eye-stalks of Cancer irrorahis in 0.8

cc. of amphibian Ringer's solution. The test animals were killed about

.35 minutes after injection and the position of the distal pigment meas-

ured. The range of response was variable, as might have been ex-

pected from the earlier work. The lowest value ( in one eye) was about

I'M- miera and the highest value (in one eve of another specimen) was
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FIG. 5. Longitudinal section of a normal retina of Palcemonetes -I'lilf/ans in

the "dark" condition. Only portions of the distal pigment cells show, due to the

plane of sectioning. The reflecting pigment appears as a dense black mass above

the basement membrane which is clearly visible. Below the basement membrane is

the more dispersed proximal pigment. At the very bottom of the section are

traces of reflecting pigment which apparently never migrates completely above the

basement membrane.
FIG. 6. Longitudinal section of a normal light-adapted retina of Palamonetes.

The distal pigment has migrated proximally. Immediately below the distal pig-

ment is the diffuse proximal pigment which has migrated above the basement mem-
brane. Below the proximal pigment is the mass of reflecting pigment from which

many processes are seen extending below the basement membrane.

FIG. 7. Longitudinal section of a dark-adapted Pala-monctcs retina. This

specimen was injected, in the dark, with 0.02 cc. of an extract of 20 light-adapted

I'altcinouctcs eye-stalks in 0.4 cc. of sea water. The retina was fixed 45 minutes

after injection. The distal pigment has migrated proximally. The proximal pig-

ment has remained below the basement membrane, while nearly all of the reflecting;

pigment has moved proximally below the basement membrane.

Fir,. 8. Longitudinal section of the eye-stalk of a dark-adapted Pulffinonctcs.

This specimen was injected, in the dark, with 0.03 cc. of extract of 4 light-adapted

Libinia ilnlua eye-stalks in 0.4 cc. of amphibian Ringer's solution, and was killed

35 minutes after injection. Stained with Delafield's hematoxylin and eosin. The

position of the three pigments is the same as in Fig. 7.
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372 niicra : both of these specimens were killed at the same interval after

injection of almost equal aim units of the extract. The average positions

of the distal pigment lor the 46 experimental I 2(>5 niicra) and the 16

primary control shrimps (85 micra ) are shown graphically in Fig. 4.

Six secondary controls were injected with 0.02-0.05 cc. of an extract of

cheliped muscle in Ringer's solution. The average time specimens were

killed after injection was 30.5 minutes and the average position of the

distal pigment was 69.2 niicra.

The eyes of two of the test animals were embedded and sectioned.

The proximal pigment was seen to have remained in the position char-

acteristic for darkness, below the basement membrane, but the reflecting

pigment had. for the most part, moved below the basement membrane

into a position tvpical lor light-adapted eyes.

f.ihii'ia dubia

In this experiment 46 test Palcemonetes were injected with 0.01 cc.

to 0.04 cc. of an extract of light-adapted eye-stalks from Lihinia dubia.

The concentration used, equivalent to 10 stalks in 1.0 cc. of Ringer's

solution. wa> well tolerated by the shrimps, only 4 of them dying during

the course of the experiment. < >f the 4J surviving animals, two failed

to show any response of the distal pigment, but all others showed a very

marked contraction of the distal cells, in several specimens the position

being measured at 437 niicra from the margin ot the cornea. 1 he av-

erage position for the 42 surviving Palcemonetes, including the two

which showed no response at all. was 335 niicra. and that tor the pri-

mary controls was X2 micra. Kive secondary controls were injected

with extract prepared from the maxillipeds of Lihinia. The average

time during which the extract was allowed to act was 32 minutes, and

the average position of tin- distal pigment at the end ot this time was

7<> micra.

KXIM..\\.\TIOX OK PI.ATI 1 1

photographs were taken by means <>f a Zeiss cardioid condenser.

FK,. '>. Tlu- same section shown in Fiji. 5. This print has been retouched to

indicate the .-\panded position of tin- distal pigment cells, made evident by the small

caps of reflet-Hi:.' pi-int-nt at the distal ends of these cells. The main mass of the

reflecting pigment lie- above the basement membrane.

FIG. 10. A hi.di po\\i-r detail of a portion of Fig. 9. showing the pigment

above the ba-emeni inrinhranr and tin- small amount at the proximal limit of the

retina.

IMG. 11. The sanu- section ;is shown in Fig. 6. The contracted condition of

the distal pigment cells is indicated by the caps of rcllecting pigment on the cells.

FK;. 12. A portion oi Fig. 11 in high-power view. The reflecting pigment

een extending proximally in processes In-low the basement membrane.

I ii,. l.i. The same as the section in Fig. 7.

IMC. 14. An enlargement of a portion of Fig. U. showing the large number

of processes containing reflecting pigment, due to a proximal migration induced

b} injection of eye-stalk extract.
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Sections of the eyes of three of the lest Paleemonetes showed the

proximal pigment persisting in the dark condition. hnt the reflecting pig-

ment migrated into tin- light condition I Fig. Si.

I ca pugilator

Thirty-one test shrimps. \vhich had hecn ada])ted to darkness, were

injected with O.OJ cc. to 0.04 cc. of an extract of I'cii eve-stalks, a con

centration oi 15 stalks to 1.0 cc. oi kmger's solution heing used. Two
of the test animals died during the course of tin- experiment, and only

one of the _''' surviving !\il(Ciii(>iictcs faiU'd to show am change in po>i-

tion ot the distal pigment; this exception was one that had hecn desig-

nated as doubtfully injected. In thn-e eves tin position showing a small

amount ot migration was as low as 1 _'S micra. hnt in tin- remaining eves

the range was up to a maximum of ,^5f> micra. The average position for

the te^t specimens was 247 micra. for the primary controls it wa- SS

micra. and lor 5 secondary controls ( chcliped muscle in Ringer's M>!U-

lion l tlii' position was CiS.O micra.

I he eyes o| two o| the Palcemonetes injected with extract from ihe

-talks ot ( (</ were sectioned. The- proximal pigment was in the posi-

tion characteristic for darknes-. while the rejecting ])igment showed a

slight migration into the position characteristic for tin- light condition.

In a preliminary c.xpiriment. \2 test Palcemonetes wt're mjecied \vith

-mall amount-- of (\irciniilcs c\-e-stalk extract, in a concentration of 10

-talks per 1.0 cc. oi saline sol van. This proved to he too concentrated,

n-Milting in the death of 5 of the injected shrimps. With a slightly di

luted extr;irt (n|ui\alent to a hit less than S stalks in 1.0 CC. of amphih-
ian Ringer's solution) the survival \vas much hctter. onl\ one ot the

test
s|

)t -a'niais siiccnmhing to the injection. Five of tin- injected ani-

mals showed onlv very slight evidence of change in position of the distal

pigment ithe reading hang at ahmit 1.^0 micra). wlnli 1 the remaining

shrimps showed responses that were marked hut slightlv lower than

those ohtamcd previonslv with extracts from other crustaceans ( 1-ig. 4).

Ihe average position o| the distal pigment in _'< > surviving ti'st

specimens was 205 micra. that for 10 uninjected primary controls was

7' 1

..} micra, and for <> -econdary controls injected with extract ot cheli-

ped muscle, the position was 7(>.5 micra.

\o eyes were sectioned lor observation oi the proximal and re-

llei-ting iiiginents.
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Callinectes sapidns

In early tests, the injection of extract prepared from the eye-stalks

of Callinectes, in a concentration of 2 stalks to 1.0 cc. of Ringer's solu-

tion, produced a very slight, almost doubtful response of the distal pig-

ment. Tn an attempt to increase the magnitude of the reaction, extracts

of higher concentration (5 stalks to 1.0 cc. of solvent) were prepared
and injected. Unfortunately, in these cases the crude extract proved to

be very toxic, killing many of the test Palamonetcs. Those animals

which did survive the injection did not show any increased response over

those treated with the more dilute extract. The average position of the

distal pigment for 53 surviving test specimens*was 102.8 micra, and that

for 9 primary controls was 79.2 micra. No secondary controls were

carried for this series, and none of the eyes were sectioned for observa-

tion of the other retinal pigments.
The results obtained by using extracts prepared from eye-stalks of

Callinectes are difficult to understand. Perkins and Kropp (1932) and

Hanstrom (1935) found that stalk extracts prepared from this crusta-

cean were effective in concentrating the body pigment of Palcemonetes;

the potency of my extracts was tested by injection into dark Palcc-

nionctes and the typical contraction of the body pigment was obtained.

The response of the shrimp's retinal pigment to this extract is so slight

as to be almost within the limit of experimental error. Two possi-

bilities suggest themselves in explanation of this situation. There may
be a difference in concentration threshold between the retinal pigment
and the body pigment, and it may be that my extracts were not suffi-

ciently purified (by filtering) to allow the use of more concentrated

preparations which would not prove toxic. Or else, it is possible that

crustaceans possess several pigmentary hormones, and that in Callinectes

the hormone affecting the retinal pigment is lacking. This point re-

quires further experimental investigation.

DISCUSSION

In studies of processes under hormonal control two general methods

of procedure are open to the investigator. One is to remove the tissue

thought to secrete the active agent, and the other is to inject extracts of

the organs suspected of endocrine function.

Unfortunately, little use can as yet be made of the first method in

studies of the crustacean pigmentary hormones, because there is a

scarcity of information about the specific tissue within the eye-stalk

which is involved in such activity. Only recently have there been any

morphological studies of the crustacean eye that have revealed the pres-
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ence of structures with a possible hormonal function. This has been

reported by Hanstrom (1931. 1934) and one of bis students, Sjogren

(1934). These investigators found two different tissues, an X -organ

and a
"
blood gland," which they think may play a part in the control of

crustacean color changes. Professor Hanstrom has very kindly allowed

me to read a preliminary paper of his which is in press at the time this

paper is being written. He reports the findings of an experimental

study made in an attempt to find a probable connection between the

blood gland and the chromatophore activator. The results of a similar

study on Uca have already been published (Carlson, 1935). According
to Carlson, the middle third of the eye-stalk of Uca contains the active

chromatophorotropic principle. Histological examination shows that

the middle third of the stalk contains the well-developed blood gland,

whereas the X-organ is either very small or completely absent.
'

In

Pag itrus . . . the blood gland . . . extends through both proximal and

middle thirds of the eyestalk. The X-organ is situated in the proximal

third, which thus contains part of the blood gland and the whole

X-organ. Since the middle third of the eyestalk of Pagnnis. that con-

tains only part (the greater part, however) of the blood gland, con-

centrates the red and yellow pigment at least as strongly as the proximal

third does, this fact, in connection with those mentioned above, speaks

in favor of the view that the blood gland is the real source of the pig-

ment concentrating substance in the decapod crustaceans" (
1 lanstrom,

1935). As Hanstrom recogni/es, these facts do not exclude the X-or-

gan from some part in the control of crustacean color changes. A more

detailed knowledge of the roles played by these two structures must

await results from experimental removal or destruction of the endocrine

tissues.

The second of these methods, used in this study, demonstrates tairly

convincingly, that some endocrine organ within the eye-stalk is effective

in causing two of the retinal pigments to migrate from a position that

is characteristic for adaptation to darkness into a second position which

is typical for an eye adapted to light.

It is interc^tin- to note, in connection with this result, that a greater

amount of migration of the distal pigment is obtained with the use of

extracts prepared from eyes that were adapted to light, than with the

use of extracts of an equal number of eyes which had been adapted to

darkness. The explanation of this probably lies in the manner in which

the eye-stalk hormone is synthesized and released by the animal. Tf the

hormone is being formed continuously and stored until the time <>t re-

lease by light, acting as the stimulus, then there should be no di (Terence

in the potency of extracts prepared from light-adapted eyes and those
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prepared from eyes adapted to darkness. 1 1", on the other hand, no hor-

mone is being hnilt up in darkness, the response which was ohtained

from extracts of eyes adapted to the dark-room might he attributable to

residual amounts of the effective hormone present in the gland through

previous activity in response to light. This possibility merits cytological

investigation.

In 1900, Gamble and Keeble reported a case of persistent rhythmic

change in the chromatophores of llippol\te varians even though the

conditions of light remained constant. Slome and Hogben (1929)
found a similar case of diurnal rhythm persisting in the South African

frog, Xetiopiis la-i'is, after the removal of the normal stimuli. This ani-

mal, while kept in constant darkness, shows the melanophores more

contracted at midnight than at midday.
Welsh (1930>) was the first to report a similar condition for the

retinal pigment of crustaceans. Although Macrobrachium olfersii and

Macrobrachium acanthwrus, both nocturnal animals, were kept under

constant illumination, the distal pigment continued to show a diurnal

movement, migrating distally at 6:00 P.M. and remaining in this posi-

tion until 5 :00 A.M. the following morning, when it returned to the

proximal position characteristic for light-adaptation. The proximal

pigment did not exhibit such persisting rhythm.
Welsh's observations were soon followed by a similar one reported

by Bennitt (1932/;), who found that a rhythm persisted in the proximal

pigment of the crayfish, Cambarus, even though the animal was kept in

constant darkness. Subsequent studies made by Welsh (1935) found

this phenomenon occurring in a number of other crustaceans. In La-

treutes fucorum and in Leandcr tcnuicornis the rhythm occurs in the

reflecting pigment (and to a slight extent, perhaps, in the distal pig-

ment) which, during the night, remains above the basement membrane
in spite of constant illumination. Leandcr affinis shows

"
a definite

rhythm in the movements of the reflecting pigment and a partial migra-
tion of the distal pigment

"
occurring

"
daily whether the animals are

kept in constant light or darkness
"
(Welsh). Pcn&opsis goodei, a dis-

tinctly nocturnal form, possesses a persistent rhythm of the proximal

pigment, being similar to Cambarus in this respect.

The physiology of these activities in crustacean retinal pigment is as

yet little understood. Welsh concluded from his experiments with

Macrobrachium that the normal migrations of the distal pigment cells as

well as their periodic movements under constant conditions of light were

controlled directly by the blood and indirectly by the nervous system.

The mechanism underlying this phenomenon of persisting rhythm has

been too little studied to warrant any final conclusion. The fact that a
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persistent rhythm may exist for one kind of pigment in one species, and

for a second or third kind of pigment in another species, that it may

persist in constant darkness for one crustacean and in constant light for

another, all add to the complexity of the situation. Are we to attribute

these different rhythms to several different hormones, or is there only

one hormone to which these various pigment cells respond differentially

because, let us say, of threshold differences? In Macrobrachiuin, is the

rhythm due to liberation of a hormone, or is it due to cessation of hor-

mone secretion? Is the nervous system directly involved in rhythms of

the proximal pigment? If endocrine glands are involved, are they in

the position of intermediate agents, secretion being started or stopped
bv a rhythm in the nervous system, or do the glands themselves function

in a rhythmical fashion? All of these possibilities must be considered

and tested experimentally before we can proceed to an understanding of

this intensely interesting phenomenon.

SUMMARY

1. Specimens of Palamonctes vulgaris which had been exposed to

light so that their retinal pigments were in positions characteristic for

that state were injected with crustacean eye-stalk extract, in one series

prepared from animals that had been in the dark-room overnight, and in

a second series prepared from specimens that had been kept on a black

background. There was no significant change in the position ot the

distal retinal pigment cells in either series.

2. When stalk extracts were prepared from light-adapted animals

and were injected, in the dark, into Pahcmonctcs in which the retinal

pigments were adapted to darkness, a proximal migration of the distal

retinal pigment occurred towards the position found typically in the eyes

of specimens adapted to light.

3. If the rate of distal pigment migration following experimental in-

jection is plotted, a sigmoid curve is obtained similar to that found by

Welsh for the normal rate of migration when a single individual adapts

to light.

4. Histological study of the eyes of experimentally injected Palcc-

tiiaiictes shows that the reflecting pigment as well as the distal pigment
has migrated into a position typical for a light-adapted eye. The prox-

imal retinal pigment apparently undergoes no change in position.

5. Stalk extracts which we're prepared from animals that were

adapted to darkness, and which were injected into dark-adapted PaUc-

inonctcs, in the dark-room, proved to be onlv half as potent as extracts

prepared from the eyes of light-adapted shrimps.
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6. Extracts of eye-stalks from Cancer irroratus, Libinia dubia, Uca

pugilaior, and Carcinidcs iiHciias, when injected into Palamonetes which

were adapted to darkness, also effected migrations of the distal and the

reflecting- retinal pigments. Stalk extracts from the eyes of Callinectes

sapidus, in the concentrations used, had no effect on the retinal pigments
of the test animals.
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BINARY ANTERIOR OCELLI IN ANTS

WILLIAM MORTON WHEELER

(From the Biological Laboratories, Harvard University)

The opinion that the anterior of the three ocelli of insects really

represents a pair of intimately fused ocelli is generally accepted by

morphologists and is briefly expressed in several recent entomological

handbooks. Thus Snodgrass (1935, p. 533) remarks that "there is

evidence that the median ocellus has been formed by the union of two

primitive frontal ocelli," and Imms (1934, p. 77) states more explicitly

that
"
the median ocellus exhibits evidence of a paired origin since the

root of the nerve supplying it is double, whereas the nerve-roots of the

other ocelli are single. In some insects (e.g. Odonata, Bombus} the

median ocellus exhibits a bilateral structure which is never found in the

remaining ocelli." Imms' mention of the Odonata seems to refer to

Hesse's observations (1901, p. 384) on Agrion, the median ocellus of

which
"
has the same structure as the lateral ocelli, except that it is

symmetrical. Whereas in other insects the duplicity of this eye is

merely suggested by the double optic nerves, a bipartite condition is

shown in Agrion also by the pushing in from the rostral side for some

distance of a wedge of indifferent cells between the retinulse."

Leydig seems to have been the first to detect the double innervation

of the anterior ocellus. In his paper on the arthropod eye published

in 1864 he says:
"
Concerning the optic nerves it may be said that the

nerve of the median ocellus has hvo roots, each of which arises in one

of the halves of the brain," and refers to the illustration (Fig. 4) of

the brain of the Formica rufa queen in his atlas of comparative anatomy

(1864a). This beautiful figure was reproduced by Sharp in his well-

known treatise on insects in the Cambridge Natural History (1895,

Fig. 65, p. 119). Among the later anatomists who have confirmed

Leydig's observations on the double nerve supply of the anterior ocellus,

Janet (1905) and Berlese (1909) may be mentioned.

Additional indications of the binary origin of the median ocellus

are its conspicuously greater size as compared with each of the posterior

ocelli in most worker ants which possess these organs and its sole per-

sistence after the posterior ocelli have disappeared. If, however, there

could be any doubt of the paired origin of the organ this has been

removed by the study of its development. As early as 1887 Patten,

185
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investigating the origin of the ocelli in I'esf'a. reached the following

conclusions: 'The ocelli of Yespa appear at the close of the larval

period as four deep pits whose walls consist of a single layer of cells.

The two anterior pits are situated close together, and soon fuse to form

a single depression which develops into the anterior ocellus." . . . The

fact I desire to emphasize here, is that the three ocelli arise from four

single-layered pits, the median ocellus heiin/ formed from a coalescence

of the two ventral ones. The double nature of the median ocellus is

also shown by the fact that, even in the latest stages, the root of the

nerve is double, while that of the other two is single."

Apart from certain details such as the pit-like character of the

ocellar primordia, Patten's observations have been confirmed by Redi-

korzew (1900), Xavrel (1W) and Caesar (1912). Although Redi-

korzew did not see the fusion of the two primordial thickenings in the

honey bee, which he studied, he none the less observed the formation of

the two nerves of the anterior ocellus and a very suggestive arrange-

ment of the retinal pigment of all three ocelli. When first deposited in

the retinulae of the anterior ocellus the pigment has a remarkable bilateral

distribution and that of each half is like the arrangement in each of the

posterior ocelli.
' From which it may be seen that each ot the two

halves of the median ocellus, so far as the pigment is concerned, has

precisely the same structure as that of a whole lateral ocellus; in other

words, it seems to be made up of two lateral ocelli."

Zavfel differs from fatten only in finding in / Y.v/N/ that the four

ocellar primordia are differentiated out of an even earlier, single
"
sense-

plate." lie gives some good illustrations of the double innervation of

the anterior ocellus. Caesar has made the most thorough study to date

of both the structure and development of the ocelli in ants. He de-

scribes the origin of these organs in the male of I-ormica pratensis as

follows: "As in all the species of ants investigated the earliest pri-

mordia of the future ocelli make their appearance as a rule in the halt-

grown larva? as four somewhat lens-shaped thickenings ot the cerebral

plate of the developing head-fold. ( )f these four primordia the two

median, as shown most clearly in frontal sections, lie very close together

and therefore constitute the double primonlium of the future median

ocellus, a proof that this ocellus has arisen phylogenetically by coales-

cence of two single ocelli." . . .

"
Concurrently with these developmental

stages the lentigenous and retinogenous layers of the median ocellus fuse

more and more intimately, but even in this stage a last indication of

the former double origin of the whole primordium is retained in the

two completely separate nerve-stands which connect it with the brain.

The nearest analogue of the single anterior ocellus and its double nerve
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supply among animals other than insects is the unpaired nasal sac of the

cyclostome fishes with its paired olfactory nerves.

I have been led to consult the literature above cited by finding in

some 15 among more than 4,000 gynandromorphs (ergatandromorphs)
of a large neotropical ant, Cephalotes atratus quadridens, that the an-

terior ocellus is replaced by two smaller contiguous ocelli" (Fig. I).
1

Obviously, in these specimens the original paired primordia of the

retinae, corneagen cells and corneae have differentiated in the adult with-

out coalescing. Although it seemed probable that similar doubling of

the anterior ocellus might occur occasionally among otherwise normal

insects, 1 could recall no cases among the many thousands of Formicidae

FIG. 1. Head of gynandromorph (ergatandromorph) of Cephalotes atratus

quadridens Degeer, with binary anterior ocellus. One of several specimens. The

large eyes, left mandible, thirteen-segmented left antenna, the stippled area and

long hairs on the head and clypeus (except along its anterior border) and the

papilla-like, stippled projections of the median joints of the right antenna are male

characters.

and other aculeate Hymenoptera which I have examined during the

past forty years. Moreover, my colleagues, Professor C. T. Brues,

Dr. J. Bequaert, and Mr. Nathan Banks, who have a very wide ac-

quaintance with many orders of insects, were equally certain of never

having seen an example of double anterior ocellus and, like myself,

could recall no reference to such an occurrence in the entomological

1 This extraordinary number of gynandromorphs occurred in a single huge
colony of Cephalotes atratus quadridens Degeer recently collected with great care

by Dr. N. A. Weber in the island of Trinidad, B. W. I. A preliminary account of

these anomalies was presented at the meeting of the British Association for the

Advancement of Science in September, 1935. The final paper by Dr. Weber and

myself has not yet been completed.
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literature. At first sight. Comstock's general account of the ocelli in

insects (1924) creates a suspicion that two ocelli may actually have

been observed in some species. He says, p. 134: "When all [eyes]

are present there are two compound eyes and, typically, two pairs of

ocelli
;
but almost invariably the members of one pair of ocelli are

united and form a single median ocellus. The median ocellus is want-

ing in many insects that possess the other two ocelli." On p. 135 he

repeats this statement in a different form: "Of these [ocelli] there are

typically two pairs; hut usually when they are present there are only
three of them, and in many cases only a single pair. When there are

three ocelli, the double nature of the median ocellus is shown by the

fact that the root of the nerve is double, while that of each of the other

two is single." Since Comstock cites no cases of binary anterior ocellus,

one suspects that the word "typically' in both these quotations is

probably employed in the sense of
"
originally

"
or

"
phylogenetically."

After considerable search, however, I find that double anterior ocelli

do occur in at least two species of myrmicine ants and I therefore believe

that further investigation may reveal their presence in some other insects.

The ant which exhibits this peculiarity most frequently is the huge-
headed soldier, or worker maxima of the large neotropical leaf-cutting

and fungus-growing Alia ccphalatcs. Linnaeus in his original descrip-

tion of this insect makes no mention of the ocelli, and Degeer (1773),
who described it more carefully, expressly states that

"
the three smooth

eyes are lacking." F. Smith in 1858 seems to have been the first to

call attention to the large median ocellus in the worker maxima of

cephalotcs as distinguishing it from the same caste in Atta se.rdcns.

According to Forel (1904) the maxima- of the former species
"
have

three ocelli, of which the anterior is large, the two posterior small."

1 have examined 300 maxima workers from series taken from some
25 colonies. Of these specimens, which comprise the typical cephalotes

from the ( iuianas, Venezuela, and Trinidad, the subspecies intcyr'wr

Forel ( Hra/il), the subspecies opaca Forel (Central America and north-

western South America) and yorgo subsp. nov. (Panama), more than

60 per cent have the anterior ocellus more or less distinctly divided. 1'

In some of the series the percentage is even higher than 60, in others

FIG. 2. Front and ocelli of twelve specimens of the worker maxima of Atta

cephalotcs. a, subsp. opaca (British Honduras) ;
b and c, subsp. gorgo subsp. nov.

(Panama); d, cephalotes, typical (British Guiana); c and /, subsp. gorgo (Pan-
ama) ; <7, cephalotes, typical (British Guiana) ; h, subsp. opaca (Ecuador) ; i,

cephalotcs, typical (Trinidad) ; /, subsp. opaca (Ecuador) ; k, subsp. opaca (Costa
Rica) ; /, subsp. opaca (Ecuador).

2 For a brief revision of these and other forms of Atta see my paper
" Taxo-

nomic Notes on the Ants of the genus Atta" (in preparation).
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less. Thus in a series of /.^ maxima' from a single flourishing and very

pugnacious colony which Dr. William Beebe and 1 excavated at Kartabo,
British Guiana. September 1. 1920, ( M per cent have a distinctly bipar-
tite anterior ocellus. As shown in the 12 illustrations (Fig. 2), the

ocelli are highly variable. Some specimens (ae) possess all three

FJG. 3. Anterior ocelli of three maxima workers of .-Ilia ccphalotes from
British Guiana seen from inside of head and showing distribution of retinal pig-

ment under high magnification. ,/, retina with only slight and l>, greater tendency

to bipartition of retina, c, with two widely separated retina:.

ocelli bin one of the posterior is frequently smaller than the other ( c, e)

or as in / and ;/ one of the pair has disappeared. In all cases each of

posterior ocelli is decidedly smaller than the unpaired anterior ocellus.

In alcoholic specimens this may have a single pigmented retina more

or less clearly visible through the clear, undivided cornea ( <M , but all
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stages may be observed from partially to completely divided corneas

and/or retina? (b, d, c, cj, /-/). Occasionally one of the two members

may be smaller (/) than the other or placed at a lower level on the

front (/).

Portions of the front of maxima workers of ccf>luilotes stained and

mounted in toto and viewed from the inner surface of the integument
under a high magnification showed little that could not be inferred from

the outer surface, except the more definite arrangement of the pigment
in the ommatidia. In the three preparations represented in Fig. 3 the

amount of pigment in the anterior ocellus is approximately equal to that

of both posterior ocelli, when these are present. In all my preparations

the pigment of the anterior ocellus shows also that there are two retinae

which in some specimens are contiguous or even fused, in others sep-

arated by a very appreciable gap. The material, however, is so old and

poorly preserved that other histological details cannot be discerned.

The same statement applies to my sections of heads of pupal maxima
workers. Hence before further investigation can be undertaken freshly

fixed material will have to be obtained.

The other ant in which I have seen a double anterior ocellus is the

Indomalayan Phcidologctou divcrsus Jerdon, a species which possesses

a huge worker maxima like the same caste in Atta ccphalotcs. Usually

only the large anterior ocellus is present, but occasional specimens also

retain minute posterior ocelli. Unfortunately, my series of maxima? of

this ant is rather small, but in one specimen belonging to the variety

laotina Santschi from Saigon, the cornea of the anterior ocellus is

distinctly bipartite.

The anterior ocellus in the largest workers of Atta cephalotcs and

Phcidologcton dircrsus, though large compared with either of the pos-

terior ocelli, when they are present, is, nevertheless, a vestigial structure

compared with its homologue in the cospecific male and female. When

bipartite it obviously exhibits a retardation of development and per-

sistence in a stage corresponding to the original paired hypodermal

thickenings of the larva before or just after their union in the mid-

dorsal line, though the corneagen and retinogen cells are differentiated

beyond this stage, as shown by the secretion of the cornea and the depo-
sition of retinal pigment. I fail, however, to detect any differentiation

of rhabdomes, but this is probably due to the poor preservation of the

material.

Since, as a very general rule, the two primordia of the anterior

ocellus in adult insects fuse to form a single organ, we are naturally

led to inquire whether in certain species there may not be a coalescence

of the primordia of both pairs of ocelli. There is, indeed, some evidence
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of such an occurrence-. It has long been known that what authors have

interpreted as the posterior pair of ocelli in Plecoptera (Ephemerida)
differ from those of all other insects in having an undeveloped cornea

and beneath it a cellular lens. Now Seiler (1905) has shown that the

anterior ocellus of l^hciucra rnhjata is really tripartite and is supplied

by three nerves. This investigator is therefore inclined to believe that

the so-called posterior ocelli of ephenu'rids are not homologous with the

posterior ocelli of other insects and that the anterior ocellus is really a

fusion of all three typical insect ocelli. The median of the three ocellar

nerves, as shown in his figure, is twice as thick as either of the others

and may therefore have arisen by coalescence of the pair belonging to

the anterior ocellus. At any rate, renewed comparative study of the

ocelli of ephemerids might yield results of considerable morphological

interest, because Seiler 's work clearly suggests that the ancestors of

these insects were provided with three instead of two pairs of simple,

in addition to the single pair of facetted eyes.
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THE BIOLOGY OF PSEUDOCALANUS MINUTUS IN THE
GULF OE MAINE AND BAY OF FUNDY

CHARLES J. FISH

(From the Woods Hole Oceanographic Institution'1 )

INTRODUCTION

The present paper forms the second of a series on the biology of

zooplankton species in the Gulf of Maine and Bay of Fundy, with spe-

cial reference to production and dispersal. As in the case of Calanus

finmarchicus (Fish, 1936) there have been two objectives; first, a de-

termination of breeding seasons, annual number of broods, and rate of

growth; second, an evaluation of different spawning areas and dis-

persal of eggs and larvae. For a description of the area covered, loca-

tion of stations and methods, the reader is referred to the aforemen-

tioned report. The studies were carried on between July 28, 1931 and

September 29, 1932 for the International Passamaquoddy Fisheries

Commission.

REGIONAL DISTRIBUTION OF THE ADULT STOCK 2

Pseudocalanus ininutus was found by Bigelow (1926, pp. 276-277)
to be nearly as universal as Calanus in the Gulf of Maine, distributed in-

differently in the coastal zone, the deeper parts of the basin, and on off-

shore banks. It was somewhat more nearly universal close along shore

but the numbers actually present averaged larger in the basin, entrant

channels, and along the offshore slope. In 1931 and 1932 it was found

generally distributed in both neritic and offshore waters.

Being more indifferent to neritic environmental factors than Calanus

and with an apparently somewhat greater thermal range, Pscudocalanus

occurs to some extent throughout the year in inshore waters north of

Cape Cod. However, like other boreal arctic species, its numbers de-

cline rapidly with rising summer temperatures in shallow areas, and off-

shore Bigelow (Ibid., p. 277) observed that there is a general tendency
to leave the uppermost stratum in April and May.

In Passamaquoddy Bay in 1932 there was a decline in the relative

percentage of Pscudocalanus from 84.7 per cent on June 20 to 2.8 per

cent on July 30, with a corresponding reduction in the volume of plank-

ton from 26.7 cc. to 1.9 cc. Later it rose again to 12.1 per cent ac-

1 Contribution No. 94.
"
Adult stock

"
includes late copepodites (for the most part stage V) appear-

ing in the coarse net hauls.
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companied by an increase in volume to 13.3 cc. on September 23. Mc-

Murrich's unpublished data from St. Andrews in 1916 accord with these

results.

In Frenchmans Bay. Pseudocalanus remains throughout the summer
as one of the most important members of the zooplankton community in

the cold bottom water, but its center of abundance was found by day at

a slightly higher and warmer level than that of Calanus.

South of Cape Cod Pseudocalanus largely disappears from the neritic

zone during the summer months. In the Woods Hole region it re-

mains abundant until May, declines rapidly in June after the water mass

rise- above 15 C.. and disappears at about 20 C., reappearing usually

in ( hrtoher i Fish. 1925, Fig. 45). Calanus occurs only during the cold-

est months in this area and is rarely ever numerous. Farther south in

Chesapeake liay Pseudocalanus is regularly found in the inner bay in

the spring, but Calanns appears to be confined to the outer bay, where

it is taken only in winter (Wilson, 1932. p. 13).

It would appear, therefore, that Pseudocalanus regularly outnumbers

Calanus in observed neritic localities south of Cape Cod, and north of

the Cape a similar condition occurs occasionally in some coastal areas

during the early summer.

PRODUCTION AND DISPERSAL OF Er.cs AND I. \KVJE

Spawning . Ircas

The distribution of eggs and early nauplii in 1931 and 1
( >32 indi-

cates that /'. ininutus spawns throughout the Gulf and Bay of Fundy.
Kven in neritic areas such as Passamaquoddy Bay where no evidence of

Calanus propagation was found, 2,847 Pseudocalanus eggs per minute

were taken on June 20, and 760 per cubic meter at the end of July in

1932.8

There is, however, considerable variation in the extent of propa-

gation in different parts of the region. If the Pseudocalanus popula-

tion in the inner Gulf and Bay originated largely in the western coastal

area, as appears to be the case with Calanus, one would expect the

quantitative distribution of larv;e of the two species to be very similar.

The data obtained in 1932 indicate striking differences. Whereas the

numbers of C. fmtnarchicus in all stages declined uniformly to the east-

ward I Fish. l
f
>36. Fig. 1 1 ) and quantitative fluctuations in the western

area were reflected throughout the region, in /'. ininutus the number of

larva- in the eastern basin and particularly in the outer part of the Bay

Just outside of tlu- l>ay in .inter Quoddy waters (Sta. 5) Calanns eggs totalled

7.MIS per minute and Pscudocalanus 37,018 on June 20, and Calanns 710 per cubic

meter and Pscudocalanus 800 on July 30.
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of Fundy was usually as large or even larger than west of Mt. Desert

(Fig". 1)'

This condition could have resulted either from intensive local

spawning or large contributions from other areas. In regard to the

first possibility, evidence of immigration in the horizontal distribution

of all advanced larval stages of P. iniinilus indicates that production of

this species in the eastern coastal region is on the whole probably no

more successful than that of C. finmarchicus (Ibid., p. 140), Sagitta

clcgans (Huntsman and Reid, 1921, p. 110), and fishes having pelagic

eggs (Bigelow. 1926, pp. 70-73; Huntsman. 1918, p. 65, 1922). Con-

sidering other possible sources of supply, as propagation in the western

coastal area does not seem to have been sufficient to account for the in-

\ /'
\

"COPEPOOITE

CASCO BAY PENO6SCOT BAY MT DESERT MOOSE POINT PASS. BAY PT LEPREAU CAPE SPENCER

FIG. 1. Mean numbers of ova, nauplius and copepodite stages of P. minutus

per minute of towing for the period April-July, 1932.

creasingly large numbers of Pseudocalanus occurring farther east (up

to 215,698 late nauplii per minute in the Bay of Funcly in June) as the

season advanced (Fig. 7B), it is probable that the principle spawning
area of P. minutus is located in the outer Gulf where Bigelow (1926,

p. 277) regularly found the species most abundant. The western coastal

area appeared to be an important source for the first brood (Fig. 5A)
in 1932, but thereafter declined until in mid-August there was little evi-

dence of appreciable propagation except in a restricted locality repre-

sented by the innermost stations between Casco and Penobscot Bav-

(Figs. 8A and B).

Breeding Seasons

The breeding periods of I', minutus appear to be somewhat similar
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to those of C. finniarcliiciis. As in the latter species, propagation begins

earlier in the southern portion of its range and there appear to be a

greater number of annual broods.

South of Cape Cod Pseudocalanus enters neritic waters in late Oc-

tober and breeding must soon follow because in 1922-23 early copepodite

stages appeared at Woods Hole by the middle of December (Fish, 1925,

p. 144). A maximum of copepodites in January was followed by a

rise of adults in February. A second brood of less importance ap-

peared in March and April. Some no doubt enter the region from the

north where vernal augmentation takes place at this time, but in view

of the abundance of adults at Woods Hole in February, it seems prob-

able that the greater part of the March-April copepodites were of local

origin. With the rise in temperature in May the numbers declined, and

the species practically disappeared from inshore waters in June. Sub-

sequent broods no doubt occur offshore where Pseudocalanus is found

throughout the summer. The southern limit of successful propagation

is not known but its presence regularly in Chesapeake Bay in winter and

spring (Wilson. 1932) would suggest that there may be some success-

ful spawning at that latitude during the cold months.

North of Cape Cod, Willey (1918, p. 187) reported females with

eggs and attached spermatophores in August, and Bigelow (1926, p.

282) concluded that
"
the seasonal fluctuations in the numerical strength

of the stock point to breeding as taking place most actively from June
until September and to the entire gulf as its site."

Ruud's records (1929, pp. 67-68) indicate that the cycle in Xor-

wegian waters is somewhat similar to that of C. finmarchicus. Spawn-

ing begins in March off More and probably earlier off the west coast of

Norway. In 1926 there was a maximum of copepodite stages 1-11 1 on

April 28-29. All copepodite stages bad another maximum on July 20.

This would suggest production in March, the young reaching maturity
in May-June and the second generation attaining copepodite stages by

July 20. Several observers have reported the presence of copepodite

stages and mature adults in northern waters during the summer

(Stormcr, 1929, p. 31
; With, 1915. p. 61

; Bogorov, 1932).

In the (lulf of Maine and Bay of Fundy the seasonal distribution of

young stages in 1931 and l
l >32 indicates that propagation begins in

March and continues in a succession of generations throughout the

region until September.

Regional variation. Fggs of P. uiinttlns appear at progressively
later periods in the outer (iulf. western area, and hay of Fundy, and,

on the basis of this regional variation in tin- time ot spawning. H is pos-

sible to distinguish three major breeding stocks.
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These stocks are not permanently restricted to their respective lo-

calities, but merely represent delayed maturation of that portion of the

winter population of 1\ ininiitus which happens to be located in the east-

ern part of the Gulf and Bay of Fundy during the spring, and earlier

maturation in areas to the westward where the water mass responds more

rapidly to vernal warming.
4 This is evident from the fact that the

progeny of all stocks disperse and appear to become established over

much if not all of the region, and also because within a region with a

dominant drift it would be impossible to have permanently localized

zooplankton stocks without bottom stages. From the surface to the

bottom the plankton population in any part of the open Gulf and Bay is

in varying degrees a transient one. However, since the annual cycle in

the three major areas starts at different times, with approximately the

same interval of development (p. 200), one would expect the distinct

breeding periods of the three stocks to be continued, as in Calanus (Fish,

1936, p. 130), in subsequent generations no matter where they might be

dispersed. This is indicated in the present material.

In the following pages symbols will be used to designate the dif-

ferent stocks originating in the three general regions in the spring, and

their respective progeny wherever distributed during the remainder of

the season: A indicating the outer gulf stock, B that of the western

coastal area, and C, that originating east of Mt. Desert in the inner Gulf

and centered in the Bay of Fundy.

Annual Cycle in Different Breeding Stocks

Tracing the succession of broods in the three breeding stocks of

P. minutus is more complicated than in C'. fininarcliicus. Unlike the

latter species, where the bulk of the population of the Gulf apparently

originates in one area (western) and can easily be traced, the broods of

P. minutus are everywhere so largely depleted before copepodite stages

are reached, that the particular stock which happens to be in early

larval stages at the time dominates throughout the Gulf and Bay.

Copepodite stages were almost always relatively sparse and in the pres-

ent collections rarely formed appreciable maxima.

Since the succession of generations is most clearly defined in the

stock maturing in the western coastal region in the spring, this stock

(B) will be considered first. There appear to be at least three and

possibly four breeding periods: March-April, May-June, July-August,
and September. As seen in the quantitative distribution in successive

4 It is probable that the transfer of adults from one area to another is rela-

tively much slower than that of larva; because, by descending during the daylight

hours, they pass beyond the influence of the surface into a slower dominant drift.
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CASCOBAY PENOBSCOT BAY MT DESERT MOOSE PT PASS BAY PT LEPREAU CAPE SPENCER

Fi<;. 2. Changes in tin.- composition of the population of Pseudocalanus niinii-

tus (developmental stages) in seven sections between Casco Bay and Cape Spencer
from April to June, 1W2. Number per minute of towing. Stages recorded as:

ova, early nauplii (l-lll), late nauplii (IV VI), early copepodites (I-III), and

late copepodites ( I\' A '). H indicates stock originating in the western area in the

spring. L indicates that of the eastern (iulf and I'ay of l-'undy, and . /, the outer

dull" stock. T trace.
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CASCO BAY PENOBSCOT BAY MT DESERT MOOSE PT PASS BAT PT LEPREAU CAPE SPENCER

FIG. 3. Composition of the population of Pscndocalaiuis iiiinntus (develop-
mental stages) in August and September, 1931 and 1932. Number per cubic meter.

Stages and symbols as in Fig. 2.

months, the first brood in advanced nanplius stages in late April had

reached late copepodite stages on May 19-22 (Fig. 2, Section 6), and

mainly completed the final moult by May 31 (Section 1). What is as-

sumed to have been the second and largest western brood was repre-

sented by a maximum of late nauplius stages in the latter part of June.

It would thus appear that the cycle during the early season is completed

in about 60 days. The third brood, hatching on July 30 (Fig. 4), prob-
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ably developed somewhat more rapidly with wanner summer tempera-

tures and attained late nauplius stages by mid-August in the western area

(Fig. 3). Even in the eastern (iulf at lower temperatures a large part

of this stock passed from early to late nauplius stages between August 8

and 15. as indicated in Table I. Eggs entering the P.ay of Fundy on

TABLE I

Stage August 8, Sta. 15 August 15, Sta. 33

Egg 1,132

Early nauplius ... 4,335 565

Late nauplius. .. ..5,842 12,060

Early copepodite 1,695 565

Late copepodite 377 377

September 15-16 would suggest a fourth generation but further data

from the Gulf at this season are needed. Tt seems probable that a con-

siderable percentage of the third crop remains in late copepodite stages

to form the winter stock.

In stock C, originating in the eastern area, there is evidence of three

breeding periods: April-May, June-July, and August. Local propaga-

tion was just beginning in the Bay of Fundy on April 19 ( Fig. 2. Sec-

tion 6) and a month later nauplius stages dominated. With a cycle of

60 days, eggs on June 20 (Fig. 4) would represent a second brood which

by August 11-21 had matured and were spawning (Figs. 3 and SA-B).
A third brood is indicated by a maximum of late nauplius stages in the

Bay of Fundy on September 15 in 1931 (Fig. 4), and September 15-16

in 1932 (Fig. 3).

Some less definite indications of a possible succession of generations

in stock A after April are to be found in the data from the coastal re-

gion and the Bay/"' In 1932, on June 20-26, when stock /> was mainly

in late nauplius stages, and the second brood of eggs of stock (" had

just appeared, a smaller maximum of late copepodite stages (Fig. 2.

Sections 4 and 5) in the eastern basin may have represented a second

brood of immigrants from offshore (Fig. 9.1). With a developmental

period of two months this would be expected. Then- is also an indica-

tion of a third crop of late copepodites on August 11-21. particularly in

the western area ( Fig. 3. Section 2) and tin- P.ay of Fundy (Sections 6

and 7), but the numbers are too small to be of any real significance

(Fig. 95).

Although there was no detectable trace of stock ./ in May (Vig. 2),

on the basis of the developmental period, the succession of subsequent

maxima just described would appear reasonably indicative were it not

"' In Calaniis. cither spawning in tin- miter gulf and western area coincides or

the number of individuals of the offshore stock is insufficient to exert a detectable

effect on the larval population of the inner gulf and bay.
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for another complicating factor the relatively small numbers of prog-

eny attributable to this stock. There appears to be no logical reason

for the depletion of one breeding stock of Pseudocalanus and the sur-

vival of another in the same locality. It is probable, therefore, that fol-

lowing the first generation of stock .1, due to overlapping spawning

periods, subsequent broods of this stock and stock C cannot with cer-

tainty be distinguished. At least a part of stock ./, in copepodite stages

OVA E.N |_N. E.C L.CCW EN. LN. EC LC

IMG. 4. Composition of the population of /'. inhuilus in developmental stages

at Station 5 (unless otherwise noted) in the New Brunswick area of the Bay of

Fundy, showing the succession of generations of the (/?) western, (C) eastern,

and (A) outer Gulf stocks. T indicates trace. April-June: number per minute.

July-September: number per cubic meter.

in the outer Gulf on April 11-12 (Fig. 55), would be expected to bave

matured and started to spawn by the time eggs, forming the first brood

of stock C, appeared in the Fundy region in the latter part of the month.

In this case subsequent maxima, appearing in each instance one month

after maxima of similar stages of stock B, would represent the com-

bined stocks A and C, and the maxima of late copepodite stages
6
in late

(i These copepodites, according to this interpretation, were probably derived

from eggs appearing near the end of the previous spawning period and might be

indicative of either one or both stocks.
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June and August should be grouped \vitli eggs appearing at the tune.

Further evidence in support of this contention will he presented later

(pp. 209211). Tn any event, with a similar rate of growth, it is rea-

sonable to conclude that in stock A there arc four broods, each of which

appears about a month earlier than in stock />' and two months or ap-

proximately one generation in advance of stock C.

Annual variation. Observations at corresponding stations were

made approximately two weeks later in 1931 than in 1932. As in the

case of Calanus (Fish, 1936, p. 130) the season appeared about equally

advanced in the western area, the slight increase in the percentage of

copepodite stages off Casco Bay in 1931 (12 days later) being expected

(Fig. 3).

In the central area east of Mt. Desert, and the Bay of Fundy. tin-

fact that the relative numbers in comparable stages were approximately

the same in the two years, would indicate that in 1
(

'.->1 the season was

delayed about two weeks, a condition also according with Caluniis ( Ibid.,

p. 130).

TATSI.K II
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female, individuals with from one to l\v<> attached eggs were frequently

taken in 1932, hut to account for the numbers of free eggs of this spe-

cies present at times in the region, several hundred must he produced by

each individual. During the season of 1932, as shown in Table III,

TABLE III

1932
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There must also he a second critical period during maturation, which

affects a far greater percentage of the stock than in Calanus, to estab-

lish the adult ratio because copepodite stages of Pseudocalanus exceeded

those- of Calanus during both the early and late summer seasons. (See

Table V.)

Physical environmental factors appear to offer no logical cause for

the depletion throughout the Gulf and Bay, and in the case of the late

nauplii it seems to be attributable to destruction by enemies. Were
there a lack of food, the relative decline in Calanns and Pscndocalanus

larvae would be expected to be similar.

Dispersal and Result on Regional Abundance of tlic Stock

The dispersal of eggs and larva" from production centers and subse-

quent distribution of the adult stock are largely dependent on non-tidal

circulation. The surface drift in the Gulf of Maine is counter-clock-

TABLE V

Total region
1932
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nisficrsttl in 1932.- -Dispersal of individual stocks through successive

generations has Urn traced by the monthly changes in the distribution of

larvae. Although stages ranging from ova to adults could usually be

found almost everywhere in the region at any time, the maximum num-

bers, particularly of stock B, were in stages sufficiently separated from

those of the other stocks to permit detection (Figs. 2 and 3).

Stock B. Late nauplius stages, representing the first brood of that

portion of the P. minutus population located in the western Gulf in the

spring, were widely distributed throughout the region with local con-

centrations in the western and eastern basins by late April (Fig. SA).
A considerable part of the parent stock must have been transported well

around the outer Gulf before spawning to account for such large num-

bers of nauplii in the Fundy region. There is a possibility, of course,

that the larvae might have been locally produced, but the sparseness of

earlier stages east of Mt. Desert in the inner Gulf (Figs. 2 and 3) at

this time and the appearance later of a distinct eastern brood (p. 200)

warrants the conclusion that they were derived from parents transported

from the western Gulf.

The concentration of late nauplii in a limited area off Halifax (Fig.

5A) indicates that the season, as in the case of Calanus (Fish, 1936),

was as far advanced there as in the western coastal region. In the in-

tervening region late nauplii were not found numerous until May, a

condition somewhat comparable with the Bay of Fundy.
From April to May stock B declined greatly in numbers and by the

time late copepodite stages were reached at the end of the latter month,

quantities in excess of 1,000 per minute were found only in the inner

Gulf west of Mt. Desert and over the central basin of the Bay of Fundy

(Fig. 6C). The latter were no doubt migrants from the western or

outer Gulf because copepodites were still very sparse as far west as Mt.

Desert in the path of the outflow from the Bay, where one would have

expected to find the stock present in the Fundy region in April if it had

survived.

By the end of June important changes in the picture were noticeable.

The second brood of stock B in late nauplius stages was, like the first

brood in May, centered in the western coastal area and Bay of Fundy.
In view of evidence of unsuccessful production in the latter area (p.

195), and the large number (21,410) of late nauplii in the entering drift

on the Nova Scotian side, it seems probable that the April brood of stock

B had become established in the general region of Georges Bank and

the second brood of migrant larvae from the western area were now

being supplemented by increasingly large contributions from the outer

Gulf. It was at this time (June 21 ) that the immense swarm mentioned

on page 195 was encountered off St. John (Fig. 7B).
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IMC. 5. Occurrence of late iiaii|)lins stages (./) of tlie western stock, and late

copepotlite stapes (/*) considered indicative of offshore propagation, in \pri1. 1932.

Number per minute of towing.



FIG. 6. Occurrence of nauplius stages (A-B) of the eastern stock, and late

copepodite stages (C) of the western stock in May, 1932. Number per minute of

towing.
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There can he no <l<>uht that hy mid- August the larger part of the

P. uiinittiis population was originating in offshore waters. The third

brood of stock />. hy this time in late nauplius stages (Figs. 3 and 4),

was, in the inner Gulf, definitely centered in the eastern basin and along
the Xova Scotian side of the Bay of Fundy (Fig. 8C). Immigration
of this population from the outer Gulf is indicated hy the continued

scarcity of larvae in the Xew Brunswick area and the coastal zone of

IMG. 7. Occurrence of eggs (A) of the second eastern brood and late nauplii
(H) of the second western brood in June-, 1932. Number per minute of towing.

eastern Maine beyond the immediate influence of the drift. The stock-

in the western area had declined until only at the innermost station off

Casco Bay were more than 5.000 late nauplii per cubic meter taken. 7

1 1 these conditions can be considered normal, then once the first brood

of the stock originating in the western area in April becomes dispersed

throughout the region, a considerable portion of the second brood, and

7
Possibly the large population of predatory plankton animals in this region in

summer depletes the /'. niiiiittns larval stock.
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the greater part of the third, are derived from individuals establishing

themselves in the general region of Georges Bank.

Autumn dispersal in the Gulf could not he traced as ohservations

were restricted to the Bay of Funcly after August. By September hoth

eggs (presumably the fourth brood of stock />) and larvae of P. miniitus

had declined greatly in the Bay.
Stock C. Originating from that portion of the P. minutus winter

population maturing in the eastern Gulf and Bay of Fundy, stock C is

believed to have been represented by small numbers of eggs at Station 37

in the Bay on April 20. Vernal augmentation must have just begun
because eggs were not found elsewhere in April.

Differing from stock B, in which maturing adults of the parent stock

had apparently become widely dispersed in the Gulf before spawning

(Fig. 5A), propagation of the first brood of stock C seems to have been

largely if not entirely restricted east of Mt. Desert. By May 18-24

late season eggs were not found outside of the Bay of Fundy ;

8

early

larvae occurred at but two out of seven stations in the western area

(Fig. 6A ), and late nauplius stages (Fig. 65), although more widely

dispersed, were centered in the Bay of Fundy and along the course of

the coastal drift from the eastward. It is probable that these late

nauplii originated in the eastern basin and not in the Bay of Fundy be-

cause in the latter area the largest numbers were found in the course of

the entering drift. Indicating local conditions beyond the immediate

influence of this inflow, there was little evidence of survival in New
Brunswick and eastern Maine coastal waters (Fig. 65).

An analysis of the dispersal and resulting regional abundance of

subsequent generations of this stock is rather complicated. Apparently
the large numbers of late nauplii entering the western area in May
(Fig. 65) failed to establish themselves, for when this brood matured

and were spawning in late June (Fig. 2) the numbers of eggs every-

where west of Mt. Desert were relatively small and at several of the

stations none were found (Fig. 7A). This may have been due to de-

struction by enemies as previously suggested (p. 208) because the rich

local population of plankton animals was at its maximum, and, as shown

by conditions in August (Fig. 8), all of the breeding stocks of P.

minutus were rapidly depleted in that area. On the other hand, corre-

sponding to this decline in the western Gulf, there was a surprising in-

crease of adults and eggs in the Bay of Fundy in late June. In the New
Brunswick area adult P. minnlns formed up to 83.2 per cent of the total

zooplankton population (Table VI, p. 213) and eggs up to 33,975 per

8 Eggs, up to 1,405 per minute on May 19, were found only along the New
Brunswick coast where the season appeared more retarded than elsewhere in the

eastern region.



I'M;. 8. Occurrence of CKK* ^"<1 <-'ar 'y nauiilii (.//>') <i tlio third eastern

brood and late nauplii (C) of tlu- tliird western Itrood in August. 1932. Number

per cubic meter.
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cubic meter (Fig. /./). The source of this population is somewhat un-

certain, but. in view of the above-mentioned evidence of unsuccessful

local production, it is believed that the adults consisted partly of mem-
bers of the first brood of stock C from the eastern basin of the Gulf,

and partly of the second brood of stock A from the outer Gulf (pp.

201-202). It is barely possible that propagation of this species is no-

where successful in the eastern Gulf and that all subsequent broods at-

tributed to stock C were in reality migrants of stock A. This seems un-

likely, however, since late nauplii off Mt. Desert in May (Fig. 6B) could

hardly have been produced much farther away than the eastern basin.

By August further changes became evident. Eggs and early nauplii,

presumably of the third brood of stock C, were concentrated in the

Fundy region (Fig. S>A and B) and their scarcity or complete absence

for some distance eastward from Mt. Desert would indicate that the

depletion of the P. minutus population had now extended from the

western Gulf to include the eastern basin. The similarity in the dis-

tribution of the two stocks. B (Fig. 8C) and C (Fig. 8A and B), in

the Fundy region in August is most readily explainable on the basis that

both were now centered in the same locality, and that the larvae were de-

rived from parents transported from the general vicinity of Georges
Bank. Had observations been continued in September, it might have

been possible to determine whether, with the decline of the predatory

animal population, there occurred a progressive restocking to the west-

ward in the inner Gulf by these migrants from offshore or their prog-

eny. There is some indication that this may occur in Bigelow's (1926,

p. 281) observation that there is "a greater absolute abundance over

the area as a whole in late summer and autumn." Within the Bay of

Fundy in mid-September, late nauplius stages of stock C (third brood)
were most numerous (3,563 per cubic meter) in the entering drift from

the Gulf and over the central basin.

Stock A. Little can be said about the dispersal of this stock after

April because of the probable confusion with stock C (p. 201). Origi-

nating offshore in March, by late April the larvae, in late copepodite

stages, were centered in the region of Georges and Browns Banks.

Along the probable course of the drift smaller numbers had been dis-

persed to the outer part of the Bay of Fundy and along a tongue-like

band penetrating the western area.

If copepodites in late June and August (p. 202) can be considered

to consist in part of stock A, then this stock in the inner Gulf, at all

times in the summer of 1932, remained restricted largely to the eastern

basin and Bay of Fundy. One would have expected to find the progeny
of the first brood (entering the western area in April) generally dis-
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persed throughout the western Gulf, hut the distribution of all cope-

podites in June (Fig. 9A] and again in mid-August (Fig. 95) clearly

indicated migration from the eastward.

FIG. 9. Occurrence of late copepodite stages considered indicative of the outer

(Julf stock in June (A ) and August (/>), 19.12. June: number per minute of tow-

ing. August : number per cubic meter.

RKI. \TIVK NUMKKKAI, STKK.NCT 1 1 OF I'sRUDOCALANUS MINUTUS

(ADULTS) IN TIIK ZOOPLAXKTON POPULATION

In the (julf of Maine and hay of Fundy Pseudocdlanus ntiiiithis is

second only in importance to Calanus finmarchicus. < Ml'shon- it is usu-

ally far outnumbered 1>\ the latter species, hut in inshore waters such as

the Quoddy region (Sta. 5, Table VI ) and hays in the (iulf it is at times

the dominant torm. A similar condition is also found in the coastal

region south of C'ape Cod (Fish, l'L'5. p. 144. Fig. 45). and to the

northward in the (mlf of St. Lawrence where \Yilley ( I'M 1

', p. 187)

found it constituting between 80 and 90 per cent of the copepod content

between Prince Edward Island and the Magdalen Islands in May, 1915.
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Combining the results of several years in the Gulf of Maine, Bige-
low (1926, p. 282) found that Pseudocalanus averaged about 11 per

cent of the copepod stock and as a rule was from one-tenth to one-fifth

as abundant as Calanits. In 1932 during the period from April until

September Pscudocalanus averaged 4.9 per cent of the total zooplankton

population of the Gulf, and Calanits 42.9 per cent, a ratio falling within

Bigelow's range.

In the Bay of Funcly, based on monthly averages for three stations,

the mean percentage of Pseudocalanus in meter net hauls for the year

ending in August, 1932 was approximately 10, as shown in Table VI.

TABLE VI

1931-1932
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Monthly averages indicated a definite seasonal variation in all areas

covered in 1932 as the summer advanced. The highest value for the

western area (10.6 per cent) was in April, for the central area (12.5

per cent) a month later in May. and for the New Brunswick area (59.2

per cent) in June. These results reflect the progressive response to

vernal augmentation eastward along the coast. Indicating immigration

from the western and outer (iulf, the Nova Scotian area yielded the

highest percentages in March and April. Almost everywhere there was

a continued decline after the first maximum, in spite of subsequent

propagation.

The importance of P. minntus in the natural economy of the region

is obviously greater than the relative numerical strength of the adult

TABLE VII

1932
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2. Propagation begins in March and continues in a succession of

generations until September. It starts earlier in the southern part of

the range where there are also a greater number of annual broods.

3. Eggs appearing at progressively later periods (approximately

monthly intervals) in the outer Gulf, western area, and Bay of Fundy
make possible a distinction of three major breeding stocks.

4. Jn the western stock there are at least three and possibly four

breeding periods, March-April, May-June, July-August and September.
5. In the eastern stock there is evidence of three breeding periods,

April May, June-July, and August.
6. The outer Gulf stock is not clearly traceable due to probable over-

lapping of subsequent breeding periods with those of the eastern stock,

but four periods are indicated.

7. There appears to be a developmental period of approximately two

months throughout the region.

8. Pseudocalanus is very prolific and its early larvae greatly outnum-

ber those of Calanus. Mortality is relatively much higher in Pscitdo-

calamts, the depletion being greatest in nauplius stages, although a second

critical period during maturation is indicated.

9. There is no evidence of successful propagation in the Bay of

Fundy, and the western area declines in importance after the first brood.

Subsequent propagation of all breeding stocks appears to be centered in

the outer Gulf.

10. The adult stock of Pseudocalanus is second only to that of

Calanus in numerical importance, averaging 9.9 per cent of the total

zooplankton population in the Bay of Fundy during the year 193132
and 4.9 per cent of the summer population in the Gulf.
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DIURNAL MOVEMENTS OF THE EYE PIGMENTS
OF ANCHISTIOIDES

JOHN H. WELSH

(l-'roni the Rcnnuda Rioloii'ical Station for Research. Inc., and the Hiolo<jical

Laboratories, Harvard University)

I

Physiological rhythms which have been established in organisms by

regular environmental changes, such as the change in light intensity be-

tween day and night, occasionally persist when the external recurring
stimuli are removed and the organism is kept under constant conditions.

An example of such a phenomenon is seen in the movements of the eye

pigments of certain crustaceans. The distal pigment cells in the eye of

Macrobrachium continue to move back and forth along the ommatidia

when animals are kept under constant illumination (Welsh, 1930/>).

The proximal pigment in the eye of Cainbanis shows a partial migra-

tion, with periods corresponding with day and night, when animals are

kept in constant darkness (Bennitt, 1932). Several species of Bermuda
crustaceans show diurnal changes in one or more of the three sets of

pigments of the eye when kept in light of a constant intensity or in con-

stant darkness (Welsh, 1935).

When regularly recurring variations in external conditions are pre-

vented, as they may readily be in the case of aquatic organisms, and the

organism still responds as though in its normal environment, it is pos-

sible to account for the response only on the basis of an internal con-

trolling mechanism. In the case of a diurnal rhythm the response is

normally due to changing light intensity, temperature, humidity, or some

other factor which varies with day and night. The response might be

due entirely to the direct effect of one or more of these factors but if it

persists under constant conditions it is evident that it is more complex
than this and is probably effected by way of the nervous system or a

combination of nervous and endocrine systems.

It would appear to be of rather general interest to have more de-

tailed information on the nature of the controlling mechanism and the

crustacean material is quite satisfactory for such an investigation. One

fact that must be known in the case of the changes in the crustacean eye

is how long the rhythm persists. The- present paper is concerned pri-

marily with this problem.

217
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The experimental work was carried on in Bermuda and was in part

made possible by a grant from the James F. Porter Fund. The author
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TI

In 1933 two specimens of an unusual shrimp were taken in licrmuda

by the author while collecting at night. In 1934 I )r. F. A. Brown ob-

tained many more specimens which eventually proved to be Anchistioides

antiguensis Schmidt, a form rarely taken in the Atlantic Ocean. Brown
and \\ heeler have been able to show (results not yet published) that this

form is active only at night and can be collected in numbers only on the

dark of the moon, thus showing a lunar periodicity. Because of its

transparency, no pigment being present except in tin eyes, it was se-

lected for the present work. Preliminary observations on the eyes of

animals kept in light of constant intensity or in constant darkness, except

for short periods of examination, indicated slight diurnal changes in the

distal pigment of the eye in the light, and complete normal daily move-

ments in darkness. The appearance of such eyes when observed

microscopically by means of transmitted light may be seen in Fig. 1.

AD. The condition seen in the eye of an animal kept in constant

illumination and observed during the day will for convenience be called

the "day-light
"
condition and may be seen in Fig. I./. The same eye

at night -hows the distal boundary of the pigment nearer the periphery

of the eye and this will be called the
"
night-light

"
condition ( Fig. l/>).

An animal removed from the dark during the daytime, and observed

immediately, shows the distal pigment in the same position as is seen in

the light during the day. This will be called a "day-dark" eye (Fig.

1C). If the same animal is returned to the dark and an examination

made at night the entire eye is seen to be black except for a very thin

border representing the cornea ('Fig. \D). This \\ill be called the
"
night-dark

"
condition.

< Ibservations of the intact eye- show clearly the changes in position

of the distal pigment cells and the changes which occur in the caps ot

reflecting pigment on tin- distal pigment cells, but changes in the main

mass of reflecting pigment and in the proximal pigment can be seen

only in sections of the eye.

The eye of Anchistioides as seen in sections is essentially like that of

I'lilccjnoiictcs which has been described by Parker (1897) and \Yelsh

( 1'MOt/). The pigment changes are similar in most respects to those ot

Palcemonetes as described in these papers and mav be compared with

other crustaceans by reference to the review by Parker (1932).
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Material for histological study was prepared in the following manner.

A number of animals which had been caught the previous night were

distributed among four containers. Two were illuminated with light

from a 40\Y lamp at a distance of eighteen inches. Two were placed in

a dark room. The period of adaptation began at 9:00 A.M. At 3:00

P.M. one lot was removed from the light and one from the dark and

immediately fixed in hot water at 80 C. The heads were then cut off

and placed in 70 per cent alcohol. At 11:00 P.M. the remaining two

lots were treated in a similar manner. The eyes of a given lot of ani-

mals after sectioning showed the pigments in similar positions. Plate I,

Fig. 3-6, show sketches of ommatidia based on camera lucida drawings.
The situation is rather complex and each set of pigment must be fol-

B

FIG. 1. A. Eye of an animal kept in constant illumination showing the posi-
tion of the distal pigment cells during the day. A "day-light

"
eye.

B. Same eye as in A viewed at night. A "
night-light

"
eye.

C. Eye of an animal kept in constant darkness except for short observational

periods snowing the position of the distal pigment cells during the day. A "
day-

dark
"

eye.

D. Same eye as in C viewed at night. A "
night-dark

"
eye.

lowed through the series in order to make clear the changes which re-

sult from changes in light intensity and those which occur under con-

stant conditions. The following summary supplements the figures and

applies to the eye as a whole.

Day-light Eye. Fig. 3.

Distal Pigment Cells In extreme proximal position resting on the

retinular cells.
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22 23 24 25 26 27 2& 29 30

FIG. 2.-I. Records of the movements of the distal pigment cells of four ani-

mals kept in constant illumination (open circles), except for last two days, and of

four animals kept in constant darkness (solid circles). Experiment started June
13 and ended on June 30. Noon and midnight are indicated by the letters .V and .!/.

In the sketch of an ommatidium . / is the extreme peripheral or night-position
of the distal pigment cells. /> the inner or day-position, in constant darkness.

The points as plotted are averages of the measurements of the distance from
cornea to outer boundary of pigment. Each unit ==10 microns.

Time of sunset during course of the experiment about 7 :35 P. M.

2

4

6

8

10

8 10 122468 10 12 24 6

P.M. A.M.

Fie;. Hi. The measurements made on the eyes of animals kept in constant

darkness and shown plotted over a period of fifteen days in Fig. 2.-I are here

shown in one 24-hiiur period. Such a plot makes it possible to construct a curve

representing the daily movements of the distal pigment cells. One of the co-

ordinates shows the hours of the day beginning at noun, the other the distance

of the distal pigment cells from the outer boundary of the cornea, each unit be-

ing equal to 10 microns.
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rruxiiunl Pigment In retinular cells concentrated around rhabdomes.

Sonu' beneath the bascMiicnt membrane'.

Reflecting Pigment Large masses resting on distal pigment cells, the

remainder equally distributed above and below the basement mem-
brane.

Night-light I\yc. Fig. 4.

Distal Pigment Cells Elongated but with proximal ends still in contact

with retinular cells.

Proximal Pigment Distributed as in day-light condition.

Reflecting Pigment Most of this pigment which capped the distal pig-

ment cells in the day-light conditions has moved proximally and

fused with the mass below the basement membrane.

Day-dark I:yc. Fig. 5.

Distal Pigment Cells As in day-light condition.

Proximal Pigment Above and below basement membrane. Very little

in retinular cells.

Reflecting Pigment Alain mass around bases of retinular cells. Small

caps on distal pigment cells and small masses below basement mem-
brane.

Night-dark Eye. Fig. 6.

Distal Pigment Cells In extreme distal position forming a collar around

cones.

Proximal Pigment Main mass below the basement membrane, none in

distal part of retinular cells.

Reflecting Pigment All is massed about the bases of the retinular cells

where it forms a reflecting surface sending light back into the

rhabdomes.

It is evident that the most striking changes in the eye which arc

independent of changes in the environment are seen when animals are

kept in constant darkness. During the day the distal pigment cells are

in the extreme inner position and during the night they move to the ex-

treme outer position. In constant illumination, of the intensity used,

the diurnal movement is not so striking as no change in position occurs,

but only a change in length of the distal pigment cells.

It is not necessary to discuss further the changes in the reflecting

pigment as they are clearly shown in the figures. The behavior of the

reflecting pigment in certain other forms has been described elsewhere

(Welsh, 1932). In this form the proximal pigment exhibits only slight
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changes which arc independent of light and in this respect is like Mucro-

hrachimn.

In the case of Macrobrachium it had already been found (\Vclsh.

1930/>) that the distal pigment cells continued their characteristic move-

ments when the animals were constantly illuminated, and it was possible

to follow closely the time relations and determine that the outward

movement began at the time of sunset and the inward movement at the

time of sunrise. Similar observations were made on Anchistioid.es kept

in the light and in the dark. On June 13 four animals in separate bowls

of sea water were placed in the dark and four were placed in a situation

where they received only light from a 40\Y lamp. During the course

of the experiment they were not fed but the water was changed once or

twice each day. They were usually examined once near midday and

once at about 11:00 P.M. The distance from the cornea to the pe-

riphery of the central pigment mass was then measured by means of an

ocular micrometer. In the case of the aninrils kept in the dark this

meant a period of illumination of a few minutes twice in twenty-four
hours. Measurements were made for sixteen days when the experiment
in the dark was discontinued as two of the animals died on June 29.

On June 28 the animals which had been in the light for fifteen days

were transferred to the dark and measurements continued for two days

and then stopped as our >tav in 1'ermuda was at an end.

The results are shown graphically in Fig. 1A. The points as plotted

are averages of the measurements on the four animals. Although there

were individual variations they were not great and each animal responded

essentially as the group as a whole. In the dark the movement of pig-

ment was as extensive at the end of the experiment as at the beginning.

and the only change was a slight lag which may be seen by following tin-

positions of the pigment at 10:30 or 11 :<H) P.M. when measurements

were usually made. If all of the niea.siirenients made on the eyes of

EXPL \\.\TIO\ ()! PLATE I

Ommatidia (270 X) showing details of pigment distribution.

Sketches are based on camera hicida drawings.

IMG. .3. Ommatidinm from an eye of an animal constantly illuminated and

killed and fixed during the day. "Day-light" condition.

IMC;. 4. Ommatidium from an eye of an animal constantly illuminated and

killed and fixed during the night.
"
Night-light" condition.

I
1

K;. 5. Ommatidinm from an eye of an animal kept in constant darkness and

killed and fixed during the day. "Day-dark" condition.

FIG. 6. Ommatidium from an eye of an animal kept in constant darkness and

killed and fixed during the night.
'

\ight-dark" condition.

D distal pigment; /'= proximal pigment; A' =
reflecting pigment (the

masses of reflecting pigment which rest <>n the distal pigment cells are not

labelled),



DIUKXAI. M0\ KMKXTS OF KYK PIGMENTS 223

3

-D

-D

5

p

6

R

L P

PLATE I



224 JOHN H. \VKLS 1 1

animals kept in a instant darkness are plotted in one 24-hour period, as

seen in Fig. 2/>, it is possible to draw a curve which represents <|uite ac-

curately the movements of the distal pigment cells. The outward move-

ment of the pigment which begins at about the tune <>t sunset is slower

than the inward movement occurring in the morning. This is in agree-

ment with the results obtained in a study of the rate of migration of tin-

distal pigment cells in the eye of /\ihcinonctcs ( \Vel>h. 1
( ^(K/). where

it was found that distal migration took approximately twice as long as

proximal migration. The curve obtained heiv may no\\- hi- applied to

the data a> shown in Fig. 2.1 and justifies the curves which are shown in

tin- figure.

As has already been pointed mil. the changes in position of the distal

pigment cells, in constant illumination of the intensity Used in this in-

stance was not great; nevertheless it is pn^ihle to follow their rhythnii

cal migration, which, at least for a few days, kept in ]>hase with day and

night. < >n June 17 and IS an apparent lag i< noticeable and on lune

_)(
). 21. and 21 the pigment cells >enn to he out of phase witli day and

night. During this period the changes in position of the pigment cells

were verv slight and it is <|uite possible that this is an incorrect inter-

pretation as later on June 25. 2(\. and 27 they are again in phase. A
rhythm approximating a 24-hour one was present, however, and con-

tinued throughout tin- experiment. Some change resulted from the

prolonged exposure to light for when the animals were placed in tin-

dark the movement was not as extensive as in those animals which had

been kept in constant darkness. It is probable that longer stav in

the dark would have resulted eventually in a return to a more normal

condition. It is also possible, although the experiment was not tried,

that constant illumination of a higher intensity than that u>ed would

have completely suppressed the movements ot the distal pigment cells.

The persistence of a rhythm in the movements ol the eye pigments
ot 'Anchistioides for a period o| more than two weeks indicates that it is

no tratisitorv phenomenon with winch we are dealing. I he mechanism
, i o

which is responsible for the changes m the eye continues its evclic ac-

tivity long alter all recurring external stimuli are removed. It is highly

unlikely that the rhvthin is a propertv of the pigment cells. That it is a

property of one of the main coordinating systems, either iurvou> or

endocrine, is more nearly possible. Some of tin- evidence to support

this conclusion will be considered briefly. In the earlier work on

Macrobrachium it was suggested that both the nervous and endocrine
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systems were involved in the- diurnal rhythm in the rye- of this form.

Tlu v results I rom the use of un;rslheties and the libation of tin- eye-stalk

'ed to this conclusion. The immediate- control appeared to he hormonal

yet somewhere in the chain the 1 nervous system <|uitc evidently played a

part. At that time much less was known concerning the control of pig-

ment migration in the- crustacean eye- than at the present time. Since

then kleinhol/ ( 1
(

'34, and in more recent unpublished work) has dem-

onstrated, in a wide variety of decapod crustaceans, the part played by
the so-called eye-stalk hormone in the activity of the eye pigments. It

was reported (\Yelsh. 1935) that Kleinhol/ had found the eye-stalk ex

tract controlled the inward movement of only the distal pigment cells.

Since then the reflecting pigment has also heen shown to he under the

influence of material from the eye-stalk. No hormonal effect on the

proximal pigment has yet heen demonstrated. It is interesting to note

that in Anchistioides the persisting movements are most extensive in

the distal and reflecting pigments.

The work of Hanstrom (1931. 1934, 1935) and certain of his stu-

dents (Sjogren, 1934; Carlson, 1935) has done much to further our

knowledge of the sources of the eye-stalk hormone or hormones. These

investigators have described two glands generally present in the crusta-

cean eye-stalk which are quite certainly endocrine in nature. One they
call the blood gland and the other the X -organ. Carlson has shown that

the blood gland in Uca is the source of at least one of the pigment-

concentrating substances affecting body chromatophores. The function

of the X-organ still remains in doubt. These glands are supplied with

nerves and their activities are doubtless controlled in part by impulses

from the eyes arriving by way of the brain.

It was fortunately possible to have Dr. Hanstrom examine the eye-

stalks of Anchistioides and he reported the presence of both the blood

gland and the X-organ. The blood gland in this form is normally de-

veloped and is lying between the second and third optic ganglia on the

dorsal side of the nerve mass. The X-organ is very well developed and

i> uuusuallv far distal, almost touching the basal membrane of the eye.

As in other decapods, its position is in the ventral part of the eye-stalk.

The hormone producing the movement, characteristic of the light, of

the distal and reflecting pigments doubtless comes I rom one ot these

glands of the stalk. Normally we can assume that it is released into the

blood stream under the stimulus of illumination, thence it is carried to

the eye to produce so-called light adaptation of the eye. I nder constant

illumination in . I ncliis/ioidcs the production and secretion o! the hor-

mone continues and the pigment remains in a nearly constant light posi-

tion depending on the intensity of illumination. In constant darkness,



226 JOHN 11. \\KI.SH

however, the situation is not ><> obvious. \Yhv should the hormone he

released during davlight hours and not during the hours <>i" darkness

and why should this process continue for two weeks without becoming

irregular or showing signs of disappearing? At present it is only pos-

sible to speculate. Then- may be a rhythmic secretory cycle in the

gland which continues under constant conditions or the filiation may In-

much more complex and the rhythm in the eve may only accompany a

general rhythmic activity which results from a series of changes involv-

ing the nervous-endocrine systems. Experiments which arc' now being

carried on mav throw further light on this interesting phenomenon.

SIM M AKV

1. The distal pigment cells and the reflecting pigment in the eyes "I

Anchistloides, a crustacean, continue their characteristic movements un-

der constant external conditions.

2. The movements of the distal pigment cells continued for fifteen

days in annuals kept in constant darkness and in constant illumination.

Movements, normal in extent, occurred in constant darkness while in

constant illumination the movements were greatly suppressed.
.V The- persistence of this diurnal rhvthm indicates that an internal

cyclical mechanism is responsible, in part, for pigment movements in

crustacean e\ es.

4. Tin- possibility of the blood gland or X -organ being concerned

in the diurnal rhvthm in retinal pigment movement is considered.
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III. Tin: EXCRETION OF UREA'

A I.LAX L. GRAFFLIX

(From the Department of Anatomy, Ilari'ard Medical School}

The manner in which urea is handled by the kidney shows wide vari-

ations in the group of vertebrates. There is excellent evidence that urea

is normally reabsorbed from the glomerular filtrate in considerable

amounts by the renal tubules of the dog (Jolliffe, Shannon, and Smith,

1932; Shannon, 1935a; Van Slyke, Hiller. and Miller, 1935</. 1935ft)

and man (Shannon. 1935ft; Shannon and Smith, 1935). Walker and

Elsom (1931) have demonstrated that urea is freely filterable across the

glomerular membrane of the frog, and conclude that
"

it is not necessary

to assume tubular secretion of urea to account for the renal elimination

of this substance in the frog." .Marshall (1932). on the other hand,

from xylose-urea comparisons, has concluded that urea may be secreted

in large amounts by the renal tubules of the frog.
2

For the marine teleosts the data are rather fragmentary. Marshall

and Graffiin (1932). on the basis of glucose-urea urine/plasma ratios

under phlorizin, were led to the conclusion that in the glomerular sculpin

(MyoxocephcUus octodecimspinosus) urea can be secreted by the renal

tubule. Their experiments upon the aglomerular toadiish (Opsanns

tan) indicated that urea is normally present in the urine in essentially

the same concentration as exists in the plasma/'
1 The striking observa-

tion was made that the sculpin kidney can be rendered functionally

aglomerular bv the administration of large doses ot phlorizin ; and under

these conditions the urine/plasma urea ratio approaches the 1 : 1 value

characteristic of the aglomerular toadfish. The aglomerular ^onset'isli

( I.nfih'nts piscatorius) is unique among the marine teleosts so far exam-

ined in that both plasma and urine consistently contain urea in only mini-

1 The first two papers of this series appeared in the Biological Bulletin, Vol. 69.

p. 391. and Vol. 70, p. 16.

- Kven admitting that xylose gives values for the glnmerular filtrate which are

too low (see discussion below), it is hardly conceivable, in the light of our present

knowledge, that Marshall's results could be explained on the basis of glonuTular
filtration alone.

' Hieter (1931) had previously demonstrated that urea exerts a marked diuretic

effect upon the aglomerular kidney of this species.

228
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nial amounts (see discussion below).
4 A few data upon urinary urea in

Gadiis callarias and Spheroides uiaculatns (both glomerular Nash,

1931) have been reported by Smith (1929).
For the catfish, a fresh water teleost, Marshall (1932) reports find-

ing urea concentration ratios lower than those of xylose, indicating a

reabsorption of urea by the renal tubule. r> In the marine elasmobranchs,

which show a high degree of specialization in the tremendous urea con-

tent of their blood and tissues (Smith, 1932), the urea filtered at the

giomerulus is almost completely reabsorbed by the renal tubules (Clarke

and Smith, 1932). From the data available (Smith, 1931 ), this is like-

wise true in the case of the fresh water elasmobranchs, in which the

blood urea level is much lower than in the marine forms.

The data reported in the present paper deal primarily with

urine/plasma urea concentration ratios in the glomerular marine teleosts.

Since this group of fishes normally shows a rather low rate of urine

flow, but develops a marked diuresis under the usual experimental con-

ditions (Grafflin, 1931, 1935; Pitts, 1934; Grafflin and Ennis, 1934;

Clarke, 1934), the ability of the kidney to concentrate urea at widely

varying urine flows has been investigated, particularly in the sculpin

and to a lesser extent in the flounder. In addition, a few experiments

are reported upon the behavior toward injected urea of the aglomerular

kidney of the goosefish. This study was carried out at the Mt. Desert

Island Biological Laboratory, Salsbury Cove, Maine.

MATERIAL AND METHODS

The animals used in this investigation were the sculpin (Myoxo-
cephalits octodecimspinosus) ,

flounder (Pscudoplenroncctcs auicri-

canns), daddy sculpin (.I/, scorpiits), sea raven (Hemitrypterus ameri-

cdiius), wrymouth (Cryptocanthoucs maculatus} and goosefish (Lophhts

piscatorius). The rate of urine flow was determined in all species but

the goosefish in the following manner : the bladder was first emptied,

with the use of a fine glass catheter, by massage of the overlying ab-

dominal wall
;
the urinary papilla was then tied off with fine silk thread,

and at the end of the collection period the urine was removed from the

exposed bladder by syringe. The length of the collection period was

variable : sculpin, 3 to 24 hours
; flounder, 5 to 23 hours ; daddy sculpin,

IS to 23 hours; sea raven, 18 hours; wrymouth, 7 hours. Many of the

4 The data reported for the goosefish by Edwards and Condorelli (1928) cast

doubt upon all of their urea analyses (see below), and their blood and urine figures

for Syngnathus, Hippocampus, and Murccna will not be further discussed.

r> Smith ( 1929) gives urinary urea data, without simultaneous blood analyses,

for many species of fresh water teleosts.
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fish were tied up immediately after catching, others only after a variable

delay ; and some were deliberately rendered diuretic by rough handling.

All animals were unfed after catching, and the effect of starvation for

a moderate length of time was studied especially upon six sculpins.

which are marked with an asterisk in Table I. These fish were caught

and handled throughout with every precaution, and were starved in lab-

oratory aquaria for twelve days before the collection period was begun.

Sculpin. daddy sculpin. sea raven, and wrymouth were bled from the

expired heart by syringe, flounder from the ^evered caudal vessels.

Bloods were drawn at the end of the collection period, rather than at the

beginning and end or in the mid-period. The procedure used is per-

haps to be preferred in view of Clarke's (l'M4) observation that a

single bleeding in the course of an experiment may result in a marked

interference with urine excretion. Marshall and (irafflin (1932) re-

ported that plasma urea in the sculpin showed little variation in the

course of twenty-four hours. However, a not inconsiderable variation

was found in the toadfish in some experiments, and such a variation

almost certainlv occurred in manv of the animals reported here. Since,

from the toadfish results, the variation would presumably be in both

directions, a group of animals would yield acceptable results, even

though individual l'/T ratios might not be accurate.

Goosefish were bled by syringe from the unexposed heart, and the

bladder was emptied and urine collected bv the use of a suitable 1 catheter

and mas-a^c of the overlying abdominal wall.

Urea was determined by the urease method in the Van Slyke appa-

ratus (Van Slyke, 1*^27), with the use of 0.5 M veronal. rather than

phosphate, as buffer because of the high magnesium content of the urine.

All urea analvses with rare exceptions were done in duplicate, with the

samples exposed to urease for three and six minutes. Heparin was

used throughout a- anticoagulant.

RESULTS

Sculpin

The data on urea excretion in the sculpin are summari/ed in Table 1,

and demonstrate the following facts: ( 1
) there is a considerable varia-

tion in the plasma urea level (5.3 to IX. 7 mgm. per cent, with one value

of 30.9 mgm. per cent) ; (2) the sculpin kidney is able to concentrate

urea at all observed plasma urea levels and levels ol urine flow, the de

gree of concentration being less in the higher range of How (flow 3./

to 15.2 cc., average U/P ratio 2.1 ; flow 17.4 to 52.0 cc., average U/P
ratio 1.5); (3) starvation for twelve days (animals marked with an
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asterisk in Table I) does not cause a detectable alteration in the plasma
urea level (7.7 to 18.3 mgm. per cent) or in urea concentration by the

kidney (flow 7.5 to 17.4 cc., average U/P ratio 1.9)."

The U/P ratios for urea become of particular interest when com-

pared with Clarke's (1934) very careful studv of the excretion of

xylose, which he used, on the basis of previous work (Jolliffe, Shannon,

TABLE I

Renal excretion of urea in marine teleosts

SCULPIN
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(xylose U/P : 4) until the urine flow exceeds 10 cc. per kilogram per

day; further diuresis is effected by a further increase in glomerular fil-

trate accompanied by a fall in the U/P ratio toward 1.0." More recent

w..rk (Richards. West fall, and Px.tt. 1034: Shannon. 1034. 1035(7,

1035/>; Shannmi and Smith, 1935; Van Slyke, Hiller. and Miller,

1035(/) has led to the conclusion that xylose is reabsorbcd to a con-

siderable extent by the renal tubules, so that Clarke's figures for the

glomerular filtrate must be considered to be too low. It is obviously

unjustifiable for the present to draw any rigid conclusions from a

comparison of Clarke's xylose data and ours on urea. However, the

suggestions obtained from such a comparison merit consideration;

namely, (1) that in the sculpin glomerular filtration alone seems ade-

quate to account for all of the urea excreted; and (2) (and this applies

primarily to the lower, more normal range of urine flow) that urea may
be reabsorbed by the renal tubules in considerable amounts. In the light

of our present knowledge, Marshall and Grafflin's (1932) earlier inter-

pretation that urea may normally be secreted by the sculpin tubule is

considered to be untenable without further proof. In view of the fact

that a retention of nitrogenous metabolic products has been postulated
to be of marked significance in the broad problem of osmotic regulation

in the marine teleosts, and to be a necessary condition for the formation

of trimethylamine oxide ( I loppe-Seyler, 1930(7. 1030/>; for discussion

see Grafflin and Gould, 1936), it is very desirable- that a further study
of the excretion of urea and trimethylamine oxide in this group of

fishes should be carried out simultaneously with an accurate measure-

ment of the glomerular filtrate. At the present time inulin seems to lie

the substance of choice for this purpose."

Flounder

The data upon flounder (kidney glomerular Nash, 1
(

'31 ) indicate

the ability of the kidney to concentrate urea, and it is noteworthy that

the highest U/P ratios fall in the lower range- of urine flow. Since no

observations upon the measurement of glomerular filtration in the

flounder arc available for comparison, the probable mechanism of urea

excretion in this species will not be discussed at this time.

Sea Raven, Wry-month, Daddy Scnlpin

The figures on single specimens of sea raven and wrymouth ( kid-

neys of both species glomerular Xash, 1931) are submitted without

7 For a discussion of the excretion of urea and ammonia by the sills of fishes,

see Smith (1929).
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further comment. In regard to the daddy scnlpin, it is interesting that

tin- kidney of this species shows marked evidences of glomerular degen-

eration, so that some specimens are functionally entirely aglomerular

(Grafflin, 1933). The fishes reported were of approximately the same

weight (550-660 grams), hut unfortunately no check upon their glo-

merular status was obtained.

GoosefisJi

In sharp contrast to the findings of Denis (1912-13; 1913-14) and

Edwards and Condorelli (1928), who reported the presence of moderate

to large amounts of urea in the blood and urine of the goosefish, was the

observation of Marshall and Grafflin (1928) that they were unable to

find more than a trace of urea in either the blood or the urine of this

fish: plasma (or serum) 0.3 to 0.7, urine 0.2 to 0.5 millimols per liter.

This observation was confirmed for the urine by Grollman (1929), who
in four composite urine samples found the urea nitrogen to vary from

0.4 to 1.5 mgm. per cent (total nitrogen 56 to 373 mgm. per cent) ;
and

by Smith (1929), who in eight specimens found urea nitrogen values

varying from 0.5 to 2.1 mgm. per cent (total nitrogen 31 to 60 mgm.
per cent). The urea analyses of Marshall and Grafflin and of Groll-

man were carried out by the urease method in the Van Slyke apparatus

(Van Slyke, 1927), those of Smith by decomposition with urease after

extraction of ammonia with permutit ;
and it seems entirely reasonable

to ascribe the results of Denis and of Edwards and Condorelli to the

non-specificity of the methods employed.
8

The goosefish is of particular interest because it is the only marine

teleost so far reported in which urea is consistently present in the blood

and urine in such minimal amounts. The kidney of this species is com-

posed of large numbers of aglomerular tubules, but contains a relatively

small number of glomerular structures (Edwards, 1928; Marshall and

Grafflin, 1928), which Grafflin (1929) has shown to be incapable of

function in the adult. That the aglomerular condition per sc bears no

essential relation to the urea findings in goosefish is indicated by the

results obtained upon the aglomerular toadfish (Marshall and Grafflin,

1932).

Plasma-urine comparisons in the toadfish furthermore indicated that

urea is present in the urine in approximately the same concentration as

exists in the plasma. This finding led to the present experiments, de-

signed to study the behavior of the aglomerular kidney of the goosefish

toward injected urea. The low plasma and urine urea levels before in-

8 Denis (1912-13), method of Folin (1912) ;
Denis (1913-14), presumably the

same method for urine, and the method of Folin and Denis (1912) for blood; Ed-

wards and Condorelli, method of Condorelli (1922).
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jection confirm those previously reported by Marshall and Graitlin,

Grollman and Smith. These experiments demonstrate the rather strik-

ing fact that, after injection, the urinary concentration of urea is con-

sistently significantly higher than the plasma level. One experiment is

given in detail in the protocol. In two similar experiments, at lower

Goosefish; weight 12 kg.
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BIOLOGICAL OBSERVATIONS ON THE MARINE FUNGI
OF WOODS HOLE WATERS

F. K. SPARROW, JR.

(I'rotn the Woods Hole Oceanografhic Institution ' and the Department
of Evolution, Dartmouth Co//<'.</' )

INTRODUCTION

While the role played by marine bacteria in the decomposition of

organic complexes is appreciated by all interested in a study of the ocean,

the activities of fungi in this respect are practically unknown. Indeed,

it may be justly said that the very existence of fungi which complete
their whole life history in the sea is not known to most students of

marine biology.
< )ccasional references to these rare and peculiar organisms may be

found in the European literature from the 1860's onward. In the ac-

counts of the early students of the seaweeds certain structures generally

supposed by them to be the reproductive organs of the algae were de-

scribed and figured, which in many cases have been found to be, in

reality, extraneous, parasitic fungi. In fact, practically all of the few

marine fungi thus far found have been described as parasites or sapro-

phytes of various marine algae.

Representatives of four groups of the fungi have been discovered in

marine waters, namely, the Myxomycetes (Labyrinthuleae), Phycomy-
cetes, .Womycetes, and Fungi Imperfccti. Of the alga-inhabiting spe-

cies which are truly parasitic or hemi-parasitic, those of the Phycomy-
cetes seem to predominate. Many of these are not only able to initiate

the infection of a healthy host, but once the alga has been killed have the

capacity to live saprophytically on the dead contents, often in company
with bacteria and Protozoa which have entered as secondary agents of

destruction.

<

>nly two papers have thus far appeared which deal at all extensively

with marine fungi (Petersen, 1
(

M)5; Sparrow, 1
(M4) and 1>oth of these

are concerned with forms collected in northern Europe. Twenty-three
different organisms are described in these papers, all but one of which

(Pythium uuirinnin Sparrow) are ordinarily included in the order

Chytridiales of the Phycomycetes. In our own waters two undoubted

Phycomycetes have thus far been re-ported from the Pacific coast

1 Contribution No. 99.
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(Zeller, 1918), while the Atlantic side has apparently yielded but a

single one (Martin, 1922). Recently, Papenfuss (1935) has mentioned

a chytridiaceous parasite of the brown alga lictocarpus silicithsiis Dillw.

which he states attacked about 50 per cent of the unilocular sporangia,
but he does not name the organism. This material was collected in the

vicinity of Woods Hole, Mass.

The present investigation was initiated with two points in mind : first,

to determine whether or not marine Phycomycetes were actually present
in Atlantic coastal waters a point not altogether evident from the extant

literature and secondly, to determine, if such were found, the nature

and extent of their activities in the cycle of decomposition of marine

organic complexes. This paper embodies the results of the work done

mainly during the summer of 1934, and, to a lesser extent, a portion of

the summer of 1935 on the first of these objectives and includes not only
an enumeration of the fungi found in the vicinity of Woods Hole,

Mass., but in addition, pertinent notes on their morphology, life history,

and taxonomy.

Fungi Collected

1. Labyrinthula sp. Saprophytic in cells of Rhisosolenia .?/'/'., bottom

of Great Harbor, August 14, 1934.

In debris dredged from the bottom of Great Harbor during a heavy
'

flowering period
"

of diatoms, large numbers of Rhisosolcnia spp.

were found in various stages of decomposition. In these cells there

were often found the motile stage of a Labyrinthula (Text Fig. 35),

sometimes in company with a Protomyxa-like protozoan, or a small

chytrid. The fusiform swarm cells of the Labyrinthula, which were

12
fj, long by 5 /* in diameter, made their way in and upon the algal cells

by gliding along their tenuous pseudopodia. The most anterior of these

cells, which was not preceded by any protoplasmic attenuation, dis-

played remarkable powers of amoeboid movement. No solid particles

could be detected within the swarm cells.

The uncertain taxonomic status of the species of this peculiar group
does not allow of any specific designation of the present form. Morpho-

logically it does not seem very different from Labyrinthula niacrocystis

described from marine algse by Cienkowsky (1867), from the common
inhabitant of diseased Zoslcra (Renn, 1934), nor, indeed, from certain

fresh-water forms.

Very frequently in the debris which collects in the bottom of aquaria

containing marine algae, species of Labyrinthula are observed, and it is

probable that they occur much more frequently than records in the litera-

ture indicate a fact also evident from Miss Jepps's (1931) paper.
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No cases of actual parasitism of alg;e by these forms were observed,

and at Woods Hole, at least, the organism on Rhizosolenium appears to

lead a saprophytic existence. Experiments to test the pathogenicity of

various strains of Labyrinthula are greatly needed.

2. ^Labyrinthula CJtattoni Dangeard. Parasitic (?) in Chulophora sp.,

vicinity of Woods Hole, throughout the summer.

Very commonly in material of Cladophora which has lurn main-

tained in the laboratory for some time there will be found occasional

greyish cells within which are rosettes of highly refractive material, gen-

erally surrounding a central mass of compacted brown granules the re-

mains of the host chloroplasts. These rosettes are divided radially into

a varying number of segments from which at maturity numerous very
minute amoeboid bodies emerge. According to Dangeard (1932), these

are the motile spores of the fungus, and he has figured numbers of

spindle-shaped bodies which unite to form a net-plasmodium. In the

present material no fusiform shape was ever assumed by the spores, al-

though the bodies from which they emerged considered by Dangeard
to be- sori resembled closely those of his species; neither was a net-

plasmodium formed, and for these reasons the writer considers a fur-

ther study of the Woods Hole fungus necessary before definitely

naming it.

3. Protomyxa-liike parasite of Bryopsis. Parasitic in Bryopsis plmnosa,

vicinity of Woods Hole, summer of 1934, June, 1935
;
New Bed-

ford Harbor, Mass., July 24, 1934.

In the course of studies made on a fungous parasite of Bryopsis

(Sirolpidium) there was frequently found an exceedingly virulent para-

site which is undoubtedly a protozoan. However, since the animal oc-

curred in such abundance and very often in competition with the fungus,

both usually consuming the entire contents of infected cells, it would

seem of interest to include it here.

Infected cells were readily noted by their blackened appearance, a

pathological symptom also produced by the fungus. The method of en-

trance of the parasite and the nature of the unit accomplishing this were

not determined. Once established, the organism gradually enveloped

part or all of the algal content which soon became discolored within its

body. The shape of the invader was variable but in general resembled

a giant armcba from any part of the surface of which delicate, often

strongly contractile threads emerged. Very marked movement of these

threads could be detected and frequently broadly fusiform or spherical

enlargements containing algal material could be seen moving along them
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t Mate- I. Fig. 6) in much the same 'trolly-wire" fashion as that ob-

served in Labyrinthula,

In exhausted algal cells the animal seemed to go into a resting stage

and to surround itself with a slightly thickened, rigid pellicle. The en-

gulfed host contents were hy now nearly hlack, and it was these cylindri-

cal bodies with rounded ends which were so evident macroscopically.

A similar organism has heen found very frequently in decaying

Rhisosolenia -v/
1

/
1

. dredged from the bottom of Clreat 1 larhor and in

dead cells of l:cl<H'(irf>us from ( iay Head.

4. flclroi/clla pcrforans H. E. Petersen. Parasitic in Licmophora ab-

brci'lata, summer of 1934. June. 1935; Slrialclla unipunctata,

summer of 1934, June, 1935
; vicinity of Woods Hole; New Bed-

ford harbor. July 24, 1934; Gay Head, Martha's Vineyard,

Mass., July 16, 1934.

This virulent parasite is the commonest marine fungus in the vicinity

of Woods Hole and during the summer it is almost impossible to find

stands of Licmophora and Striatclla not heavily infected with it. It not

only occurs in all the littoral regions in the immediate vicinity of Woods
Hole but has also been found in equal abundance in New Bedford Har-

bor and Gay Head. It is probable that it will be found along our coasts

wherever the host plants grow. During the month of July in particular

the fungus may occur in epidemic proportions (Plate III, Fig. 2). As

many as 88 per cent of the diatoms (Licmophora} in a single mount

containing many hundreds have been observed to be infected.

Since the present form presents no significant differences in mor-

phological features from that recently described by the writer (1934)

from Danish material found in the littoral of the Kattegat, it will not be

dealt with in detail here, save for certain hitherto unknown phases.

In both Licmophora and Striatella there was ordinarily present in

one infected diatom only a single, spherical, highly refractive thallus,

although occasionally 2-5 were observed. This varied from 25-35
p.

in

diameter and lay loosely in the center of the host cell.

A good opportunity was afforded in several instances to determine

the method of entrance of the parasite into the host cell, a feature not

previously observed. Heavily infected colonies of diatoms contained

many cells, to the outer surfaces of which adhered numerous minute

(3 fjL
in diameter) quiescent cysto^pores of the fungus. The small size of

these bodies made observations difficult, but in several cases spores were

found from each of which a tenuous, needle-like penetration tube had

emerged and had pierced the host wall. It is probable that, like other

parasitic chytrids, the contents of the spore then flowed through the tube
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into the algal cell, leaving the wall of the cyst outside. Such empty

cystospores were found, although the actual passage of material into the

cell was not witnessed. Once inside, the refractive fungous protoplasm
soon assumed a central position in the host cell, possibly attaching itself

to the nucleus of the diatom. ( irowth into the mature, somewhat spheri-

cal sporangium then ensued. The star-like arrangement of the chloro-

plasts of the host was soon destroyed and. as the fungus developed, their

individual structure was broken down and their normal color lost. At

no time was any host material observed t<> be ingested directly nor did-

the fungus exhibit any signs of ama-boid motion. As the lictrof/clla

increased in size, the disintegrating host material usually became col-

lected around the periphery of the parasite, where it gradually became

reduced to a small amount of granular, chestnut-brown residue. The

nature of this unassimilated material is not known.

There then took place a transformation of the contents of the thallus

into innumerable, minute /oospores. These were discharged through
1-5 stout tubes into the water. A point of great morphological ami

taxonomic interest was determined from the spores of this material.

Petersen (1905) states that in this species they are anteriorly uniciliate-.

the cilium being directed posteriorly when the spore is in motion. In

the Danish material previously observed, the writer (1934) was unable

to determine the filiation, but at Woods Mole, the spores were found to

be biciliate. This finding was confirmed in many instances. The body
of the zoospore is pyriform, somewhat curved, and at the narrower.

forvvardly directed end there is usually a refractive droplet. The two,

perhaps anteriorly attached, cilia are directed oppositely when the spore

is in motion. The relative lengths of these two structures could not be

determined. Motion through the water was of an uneven, twisting

character. The resemblance of these spores to those of Sirolpidium

(Sparrow, 1934) is very marked.

From these observations, the parasite can now with real reason be

placed in the genus Ectroi/clla a> amended by ScherrTel (19J? |.

At no time during the process of disintegration of the host cell could

the presence of any other type of organism be detected. Bacteriological

stains were employed to determine whether or not bacteria assisted in the

process of disintegration, but none was ever observed. Indeed, the

fungus had apparently so completely absorbed the available nutriment

that even after infected cells had become broken or had fallen apart.

bacteria and Protozoa were seldom seen feeding on the residual material.

It was very evident that not only could the fungus initiate the infec-

tion, but once inside, could bring about, unaided by other agencies, the

almost complete disintegration of the contents. Further, the thallus.
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de-rived from a single zoospore, at maturity became transformed into a

myriad of swimming- spores, each of which was potentially able to infect

another diatom. Hence, in a region with an abundance of favorable

host material, the rapid and widespread dissemination of the parasite

could be quickly accomplished.
2

Indeed, it is remarkable in view of the

high percentage of infection observed, that the two species of diatoms

were able to maintain themselves at all. Jt is hoped that a more com-

prehensive study of this disease can be made in the future.

5. Eurychasinidiuni tumefaciens (Magnus) n. gen. Parasitic in the

nodal cells of Ceramium diaphanum, Sheep Pen Cove, Woods
Hole, August 27, 1934, collected by C. Jao ;

Little Harbor, Woods
Hole, August 29, 1934, collected by the author.

EurycJiasinidiiiin n. gen. Plasmodial thallus entirely intramatrical,

one-celled, rilling the distended host cell, forming at maturity many dis-

charge tubes wrhich pierce the host wall
; zoospores biciliate, encysting

near the sporangium after discharge, ultimately emerging as motile

zoospores. Resting spores not observed.

Thallus plasmodialis, omnino intramatricalis, unicellulatus, cellulam
matricis distentam implens, maturitate formans multa ostiolata perfor-
antia parietem cellular matricis

; zoosporae biciliata?, encystantes extra

sporangium post emissionem, e cystis emergents velut sporse motiles.

Sporse perdurantes non observata?.

Eurychasmidiuui tumefaciens (Magnus) comb. nov.

Syn. Chytridiuin tumefaciens Magnus.

Olpid'min tumefaciens (Magnus) Berl. et de Toni.

Thallus filling the host cell
; spherical or irregular and lobed

; pro-

ducing a marked enlargement of the host cell and stimulating the host

to form clusters of lateral branches; becoming transformed into a single

sporangium, the spherical ones 100-1 10 ^ in diameter, the lobed ex-

amples up to 1 10 >( 200 /A long. Zoospores formed within the spor-

angium (ciliated?), upon discharge through as many as 30 discharge
tubes forming a dense motionless cluster near the sporangium ; encyst-

ing, the somewhat loosely disposed cysts being angular and 4 ^ in great-

est width; emerging from the cysts after a period of quiescence as

ellipsoid, biciliated spores, 3
/JL

in diameter by 5 ^ in length. Resting

spores not observed.

This remarkable fungus which usually attacked only the nodal cells

of the Ceramium possesses many points of interest. In its method of

2 One curious evidence of the virulence of this fungus was noted. In a mount

containing many swimming spores, a species of Vorticclla was observed which had

captured 10 or more zoospores. The latter instead of being digested by the ani-

mal, had reversed the process and had absorbed the contents of the protozoan and
were forming sporangia !
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infection, developmental features, and effect on the host cell it resembles

to a marked degree Eurychasma Dicksonii (Sparrow, 1934). However.

it differs from this genus since it always remains intramatrical, since the

xoospores undergo a period of encystment outside the sporangium, not

inside, as in Ilitrychasma, and since it produces adventitious lateral

1 (ranches and a more marked swelling of the host cell (Plate I. Fig. 1 ).

The earliest stages observed in the development (Text Figs. 14, 15)

showed an already well-established thallus easily distinguishable in the

distended host cell by the presence of numerous irregular, refractive-

bodies. As growth proceeded, the disintegrated chloroplast material

became more granular while the host protoplasm assumed a vacuolate

character (Text Fig. 18). Coincident with the increase in sixe of the

fungus there was a strong distention of the host cell (Text Fig. 17 ).

Infection is unquestionably initiated by the zoospore, probably in the

same manner as described for Ectrogella f>crforans. While actual ob-

servations on this point were lacking, there were occasionally observed

instances similar to Text Fig. 1C>. in which the empty cyst and remains

of the penetration tube were still present on the infected cell. The

sequence of changes ensuing in the fungous protoplasm itself as growth

proceeded were entirely similar to those described by IVtersen (
1905 )

for Iinr\clntsina, including the characteristic
"
stade ecumeux

"
(Text

Fig. 19)".

During enlargement of the host cell, a pronounced thickening of the

algal wall material was noted. Also, certain adjacent nodal cells were

stimulated t<> divide and there was produced in the vicinity of an in-

fected cell a number of curved, stunted, lateral branches which gave a
"

bushy
"
appearance to the region ( Plate I, Fig. 1). Such places could

easily be detected with a hand-lens. Since the fungus was not observed

to form any rhixoidal system, but was confined to a single cell, it would

seem that some sort of substance was produced in infected cells which

diffused to adjacent ones and stimulated them to abnormal growth.

Occasionally, infected apical cells of Ceramium were tound with 2-6

thalli in them, probably the result of multiple infection. If these 1 were

produced bv the same fungus as found in the nodal cells, it i> interesting

to note that here, very little hypertrophy occurred.

I nfortunately, the final stages in the formation of the xoospores and

their discharge from the sporangium through many discharge tubes were

not observed, in most cases evacuation of the spores having taken place
before the preparations were made. Xor could means be found to pro-
mote maturation and discharge of sporangia under observation. Hence,
it is not known whether the spores emerge by ciliary action or are forced

out of the sporangium. (Jnce emerged, however, they form a dense
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cloud around the infected filament, each spore being surrounded by an

angular wall (Text Fig. 21 ). These cystospores are not connected with

one another as they appear to he in the sporangium of linrychasina but

are loosely disposed in the medium (Text Fig'. 20). After an unknown

period of quiescence the protoplasm of each of these cysts emerges,

probably through a pore formed in the wall, and undergoes near the

empty shell a rocking and fashioning which terminates with the pro-

duction of the fully formed spore. The body of the spore is somewhat

elliptical, generally possessing a single, minute refractive droplet, and

two cilia the latter point being determined from a study of killed and

stained material. Further observations on the orientation, length, and

points of attachment of these cilia are needed.

This fungus is a true parasite, initiating and carrying to completion

the destruction of the host cell unaided by other agencies. Unlike certain

other marine fungi, however, it does not seem able to continue its

destruction of the alga after the latter has been noticeably weakened,

as, for example, by remaining under laboratory conditions for a time.

The remainder of the host plant, save in the immediate vicinity of an

infected cell appears unaffected by the incursion of the fungus.

(>. 'tPctcrscnia sf>. Saprophytic in Ceraininui diaphanum, Little Har-

bor, Woods Hole, August 29, 1934.

In material of Ceraininui diaplianum which had been kept in the

laboratory in an aquarium for several weeks, there was found a
"
Pleo-

trachelus "-like fungus, probably to be regarded as a saprophyte in the

alga. In contrast to the previously described fungus on this alga, the

present form was found only in the internodal cells and in further

distinction was never observed to produce any hypertrophy of the host.

One to many thalli of varying size (20-96 /x,
in diameter) were

formed in a single internode (Plate II, Fig. 4). While maintaining in

general a spherical shape, these thalli occasionally assumed irregular

forms, though no lobed examples were found.

The mature sporangium was characterized by its relatively large si/.e,

attaining frequently a diameter of W>
/i.

or more, although occasional

specimens measured only 20-25 /x.
At maturity up to ten or more

narrow, distally tapering, radiating discharge tubes (about 7 p in di-

ameter) were formed (Plate II, Fig. 3) which bored through the cell

wall of the alga. Xoospores and resting spores were not observed, and

hence the exact generic disposition of the fungus awaits the results of

further investigations. If, as is probable, the swarmers are found to be

biciliate, affinity with Olpidiopsis and more especially Pctersenia would

be indicated.
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7. tPetersenia sp. Parasitic in eggs of a microscopic animal (rotifer?),

Sheep I Vn I'ove, \\Oocls Hole. August. 27, 1
( M4.

Adherent to filaments of Ccrainiitin liia^limniiii there was an abun-

dance of eggs of a microscopic animal, probably belonging to the

Rotifcrcc, members of which were swarming in the mount. Some of

these were parasitized by a fungus allied to Pcterscnia and Olpidiopsis.

The thallus oeeupied the whole of the interior of the egg and at ma-

turity was transformed into a single sporangium 50/u, long by 20
ju

in

diameter. This was provided with 1-3 broad (8/^ in diameter), short.

TKXT Fn.s. 1-13. Figs. 1-<S, J'clcrscnia .Indrcci; Fig. 1, early Mage in the

formation of the thalliis in Hctocarf'its, the collapsed cyst of the infecting zotispore
and the penetration tube still present, a more mature thallus is seen in the right-

hand cell, X 376; Fig. 2, more mature thallus containing characteristic refractive

bodies, X 376; Fig. 3, mature, unopened sporangium showing some of the zoospores
which are actively moving within it. X 376; Fig. 4. mature sporangium with long

extramatrical discharge tube, X 376; Fig. 5, mature resting spore with male cyst
adherent to it, X 600: Fig. 6, conjugation of thalli previous to resting spoiv forma-

tion, X 525; Fig. 7, immature resting spore with two cystosporcs, which have ap-

parently conjugated, attached by a penetration tube to it, X 760 ; Fig. S. ma-
ture resting spore showing interpretation of wall structure, X 600. Figs. 9-11,

( ?)Olpidium sphacellantm; Fig. 9, young, spherical thallus in hair of Sphacelaria,
X 525; Fig. 10, young thallus attached to nucleus of host cell, tin- r\st of the in-

fecting znospore and penetration tube still persistent, X 525; Fig. 11, interpreta-
tion oi two zoospores, free-hand. Fig. 12, Pcterscnia Atidrccl, interpretation of

zodspore, free-hand. Fig. 13, Petersenia sp. in egg of rotifer, discharged spor-

angium containing a few zoospores, X 376.

discharge tubes (Text Fig. 13). The actual formation and discharge
of the zoospores was not witnessed, although a number of these bodies

which had failed to emerge were observed within the sporangia. These

were reniform. of the 'laterally biciliate
"

type, 4
//. long by 2

/*.
in

diameter, and were very similar to those formed by /'vtliinin.

Xo bacterial or other biological agencies appeared to assist in the

destruction of the eggs. It is hoped thai more material of this fungus
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can he found in order that a further study of its method of infection,

as well as the formation and discharge of the zoospores can be marie.

From the ciliation of the spores there seems little question of its rela-

tionship to Petersenia.

8. Petersenia lobata (Petersen) Sparrow. Parasitic on Cdllithamnion

I'oseiiiu, growing on Chorda filuni, dredged from between East

Chop and West Chop Lighthouses, Vineyard Haven. August 22,

1034; Sheep Pen Cove, Woods Hole, August 23, 1934.

This peculiar fungus was abundant in certain tufts of the host, but

it was never observed to attack all the plants on a single Chorda. Cells

near the base of the tuft were most frequently infected.

The predominating type of thallus found in this material was cylin-

drical with rounded ends, although there occurred numerous lobecl

examples, often of very bizarre appearance (Plate II, Figs. 1, 2).

A morphological and taxonomic discussion of this fungus has re-

cently been given by the writer (1934) and since no unusual features

were displayed by the American material, it will not be repeated here.

In the early stages of invasion of the host cell, the parasite is unas-

sisted by other organisms. However, in old infections, an abundance

of bacteria and Protozoa are always found and it seems probable that

the fungus initiates the destruction of the host cells, being aided in later

stages by these other agencies.

9. Petersenia (Olpidiopsis)Andreei (Lagerheim) comb. nov.

Syn. Pleotracliclus Andrcei Lagerheim, 1899.

Pleotrachelus ectocarpi Jokl, 1916.

PParasitic in Ectocarpus siliculosus, dredged off Gay Head, Vine-

yard Sound, July 16, 1934; Great Harbor, Woods Hole, August 24,

1934.

Frequent examples of extensive infection of host plants were found

in the material from Gay Head, and quite commonly large fronds were

observed with nearly every cell showing evidence of fungous activity.

Such plants were easily recognized by their slightly greener appearance.

So extensive was the infection that it could not be determined whether

the fungus was the primary cause of the destruction of the alga, or

whether it wras only a saprophyte.

There was little doubt as to the method of entrance of the fungus.

Numerous examples similar to Text Fig. 1 were observed which clearly

showed that the zoospore, after coming to rest on the surface of the

host, had gained entrance by the formation of a penetration tube

through which the content of the spore passed into the interior. It was

the disorganized condition of the host cell contents even in early stages
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of infection which seemed to indicate that the fungus was prohahly

only weakly parasitic or even saprophytic.

Further development involved the enlargement of the thallus (Text

Fig. 2), accompanied by a gradual disintegration of the host contents.

( )ne to three thalli were usually formed in a single cell. The mature

sporangia lay loosely in the host cell and were generally spherical and

lS-20/i in diameter (Text Fig. 4). A single discharge tuhe, 4-5
//

in

88*

TKXT FIGS. 14-21. Enrycliasiiiidiuni tiimcfaciens. Figs. 14, 15, early stages
in the formation of the thalhis in Ceramiuin diaphannin, X 225; Fig. 10, more ma-
ture thallus showing at the bottom of the left-hand side the remains of the infect-

ing zoospore and its penetration tube, X 376; Figs. 17-19, strongly hypertrophied
host cells with vacuolate thalli of the fungus in them, Fig. 19 shows one of the in-

frequently formed lobed thalli. all X 225; Fig. 20. empty sporangium showing the

many discharged tubes formed ar.d a few of the encysted zoospores, the latter

formed a dense cloud around the sporangium, X 225; Fig. 21, cysts formed by the

discharged zoospores, from all but one of which the spore has emerged, X 760.

diameter, was formed which often extended for as much as 78
//

out

into the water. Occasionally, the tuhe did not achieve a correct orien-

tation, in which case it passed through a numher of host cells hefore

reaching the outside.

The zoospores were fully formed within the sporangium hy a process
nf progressive cleavage. After maturation, and hefore dissolution of
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the tip of the discharge tube, they underwent a prolonged period of vio-

lent individual movement and
"
milling around

"
('Text Fig. 3). Upon

the opening of the discharge tube they escaped by their own efforts from

the sporangium. In their morphology, these spores ("Text Fig. 12) are

strikingly like those of Pontisina ('Sparrow, 1
(

)34), being irregularly

piriform, arched. 5
/<. long by 3

//.
in diameter, and possessing at the

narrow, forward end. as well as at the broader posterior one, a strongly

refractive region. As has been suggested for Pontistna, a broad cen-

tral, transverse groove and a
"
doubling-over

"
of the ends may account

for this peculiar appearance. However, because of their small size, ob-

servations on moving spores are difficult. From the more anterior part

of the groove there arise two cilia which appear to be of nearly equal

length and are disposed in opposite directions along the long axis of the

spore. These observations confirm Petersen's (1905) brief statement

that the spores are laterally biciliate.

The spores moved in an erratic manner through the water. In hang-

ing drop cells many of them germinated, each giving rise to a single,

slender, very irregular tube, often of considerable length (30^).

Resting spores occurred in abundance (Plate I, Fig. 8). It will be

recalled that in the Danish material of what is probably the same species,

the writer (1934) showed that resting spore formation was apparently

preceded by a conjugation between thalli of unequal size, the contents of

the smaller passing into the larger which became the resting body. In

the present fungus a similar phenomenon was observed in many instances

and there seems little question that the resting spores are produced as a

result of a sexual act almost identical with that found in the genus

Olpidiopsis. Communication between the two cells was affected by the

formation of a pore, no evidences of a definite fertilization tube ever

being found. \Yhile, in general, the two conjugating thalli were more

nearly equal ( 12 /A, 23 ^} (Text Fig. 6) than was observed in the Danish

material (17/x, 5/x), occasionally they differed greatly in size (20^,

S/x) (Text Fig. 5).

The mature resting spore was spherical, 20-23 /A
in diameter, and ap-

peared to be surrounded by a thick wall. However, under high mag-
nification it was seen that this apparent wall could be resolved into the

following structures : an outer, very definitely thickened membrane sur-

rounding the whole, an inner membrane of the same thickness surround-

ing the refractive contents, and between them, a clear zone (Text Fig.

8). \Yhether the spore itself is to be regarded as relatively thin-walled

and resting within a larger structure, or whether all of these parts are

fused into a common surrounding layer, is not clear. Further observa-
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tions on the development of the resting spore will be necessary to clarify

this point.

Another puzzling feature \vas the absence in some cases of com-

panion cells on the mature resting spores. Either the cyst was hidden

from view by tin- body of the spore, or it soon disintegrated, or conju-

gation occurred in some other manner. Some evidence in favor of the

latter case is given by the condition shown in Text Fig. 7. Here, at-

tached to an immature resting spore by a tenuous penetration tube, are

the cysts of two zoospores which apparently have conjugated. It is en-

tirely possible that alter this process the merged plasma entered the host

and there formed the resting spore.

In material of Ectocarpns in a floating Chunltt complex collected in

Great Harbor. \Yoods Hole, what appeared to be germinated resting

spores were found. In the process of germination, the inner wall had

apparently been absorbed, a long evacuation tube formed, and the con-

tents, undoubtedly in the form of /oosporcs. had been discharged

through it.

EXPLANATION OF PLATE I

All photographs were made t'nun living material with the exception of Plate

I, Figs. 3. 5. and Plate II, Figs. 4, 5, which were made from material mounted in

glycerine and stained with cosine. The approximate magnifications are given in

each instance.

Fi<;. 1. Eurychasmidium tumefaciens, parasitic in Cerainiiim diaphamnti.
Two hypertrophied cells are shown ; the right-hand filament has produced lateral

branches in response to the incursion of the fungus. The indistinctness of the

right-hand figure is due to the presence of a cloud of spores which has just been

discharged from the sporangium. X 80.

FIG. 2. Thraustochytrium proliferwn, saprophytic on Bryopsis plwnosa. The
right-hand figure is a sporangium with the spores about to be discharged; the

highly refractive body at the base of the sporangium is the fundament of the

new sporangium which will develop after discharge of the spores. The left-hand

figure may possibly be an immature resting spore. X. 380.

FIG. 3. C?)Olpidiwn sphacellarunij parasitic in Sphacclaria cirrliosa. An
empty sporangium with two lateral, oppositely placed discharge tubes. X 330.

FIG. 4. Sirolpidium bryopsidis, in Bryopsis pluniosa. Typical olpidioid thalli

formed from the fragmentation of an originally filamentous thallus. X 380.

FIG. 5. I'fuitixina laycnidinidcs, saprophytic in Ceraiiiiinn didphanwn. Habit

of the segmented thallu^ in the alga. X 380.

FIG. 6. Protomyxa-liVx animal parasitic in Bryopsis. The delicate pseudo-

podium of the animal bearing a large spherical and two small, fusiform enlarge-
ments may be seen extending from the top to the bottom of the photograph. < 380.

FIG. 7. Sirolpidium bryopsidis in Bryopsis. Thalli alter 24 hours exposure
to dripping sea-water. Compare with Fig. 4, which i\ under completely sub-

merged conditions. X 380.

FIG. 8. 1'cterscnia Aiidrcci. parasitic ( ? ) in l
:

.ctocarpns. Resting spores in

i- 11s of filament. X 250.
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\\ hile a Protomyxa-\\\ue, organism was abundant in certain cells of

the Ectocarpus, the parts of the host occupied by the fungus were free

from the animal, and. so far as could be determined, from other biologi-

cal agents of disintegration as well.

10. ( ?)0lpidium sphacellarum Knv. Parasitic on Sphacelaria cirrJwsa,

I'ine Island. \\' 1> Mole. June 24. 1.U.

This fungus w;is found in only one collection of the alga, although a

search wa> made- for it throughout the time the lnt was available. It

attack^ chie-tlv the apical cells of the lateral branches (sporangia?) and

the colorless >eta-. The rest of the plant appears immune and is not

visibly affected bv the presence of the fungus.

Ivirly >tagcs in the development \vere found, particularly in tin- color-

less setae. The infecting unit is tin- zoospore, \\-hich comes to rest mi

the host, encysts, and produces a tenuous tube which penetrates the algal

wall and through which the contents of tin- spore are conducted into the

cell. In manv case-s the voting tballns attaches itself to the nucleti- "I

the host cell i Text Fig. 10). It then gradually enlarges into a spherical

i Text Fig. 9), or often cylindrical structure with rounded ends. \,,

hypertrophv is evident. In infected lateral branches (sporangia?),

however, a pronounced swelling occurs i Plate- I. Fig. 3. I 'late II. Fig.

5 i. The disintegration of the cell contents is almost complete and there

i- generally left only a mass of irregularly-shaped, colorless granules.

The- mature- sporangia are nearly spln-rical and 35 1-5
/* long by 30- .^

/<

in diameter. < >nc, or occasionally 2 3 short, stout tube's. S-lO/. m
diameter, are- fornu-d through which the- mature xoospori-s are- dis-

charged, lie-fore- the-se- are ejected they undergo a period <>t active-

swarming, eventually he-ing libe-rate-d very rapidly at the dissolution ot

the tip of the- discharge' tube'. They are- minute, being 4
//. long by about

2/i in diameter, and have- a soim-what piritorm body i 1 e-xt l-ig. 11 I,

near the broader e-nd of which tlu-re- is a ]iromine'iit refractive- globule.

The position of this globnle may '-hang' while- the spore is motile-. (. om

EXPLANATION OF PLATE II

I ics. 1. 2. /V/(-OVJM'(/ !nl<,tiii. in Callithamnion roscinn. T\\ tlialli, showing

the peculiar l'il>i:m -miu linic- uioiunU-ivd. X Jdd.

l-'u;. 3. I'ctcrji'iiiii sp., saprophytic in ( cramium diaf'luinnm. An empty

s|Miraii^iuiii \\itli three discharge tubes \isiliK-. X 260.

l-'n.. 4. Same fuu.mis. sli,i\viiiL; tlu- splu-rical, immatun tlialli and several

<li-diariied sporangia. X 2dn.

FIG. 5. ( ? )Olf>idiuiii sphacellarum, parasitic in Sphacelaria. T\v tlialli.

"in- in the c"lrle>> hair, the other in the In pertmphied tip of the lateral branch.

130.



MARIXF FUNGI OF WOODS HOLF \YATFRS 251

4 \

' A ! I

:<

,
*



F. K. SPARROW. JK.

plete data mi the ciliation nf these spores were not obtained. It is cer-

tain that they possessed a very prominent, forwardly directed ciliuni

which appeared to remain nearly stationary during the- period of motility.

It is probable that another, rapidly vibrating. pos^blv sborter, posteriorly

directed ciliuni was al-o present but escaped detection. Tin' /ooxpore

exhibited a very peculiar type ot movement which was characterized by

periods of even, forward progression, alternating with Midden Mops and

change of direction. There appeared to be practically no rotation of

tin- body during movement.

The fungus was a true parasite, invading only the healthy cells of the

host and accomplishing alone the disintegration of the content-*, \\ith

the di'dine of tin 1

ali^a under laboratorv condition-- no lurther t unions

activitv was in >ted.

While considered a species of Olpidium, it is evident troin what i-

known of the ciliation of the Hiores that this tnn^u> bears onl\ a super

licial resemblance to tin- L;enns. If. as is highly probable, the zOOSpores

are found to be biciliale. it -hoiild be jilaced near OlpidlOpsis and

Petersenla.

11. I'ontisina /(i/i(-iiiilitiii!('s Pctcrscn. ( ? ) Sajirophytic in the internodal

cells of Ccrdiiiiniii ilui^lunn/iii ,
Little Harbor. \\'oo(K Mole. July

S. l'M4.

Since detail-- o| the morphology <>\ this sjiecies have been i^ivcn in a

recent ])a]K-r (Sjiarrow. 1

(

'.U). they will not be repeated here. Xo sis;-

nit'icant differences from the I )ani>h material were a])]iarent, except tor

the fact that the \\'oo<N Hole fnn-u- I I 'late I. Ki-. 5) could at the most

be called onlv \\-eakb jiarasitic on the Cci'tiniiiiin. Indeed, only alter the

al.ya bad been maintained in the laboratory tor several week- did the

fungus appear in appreciable i|uantitv. \\'bile occasional tballi were

formed in a])]arently living cells free from other organisms, they oc-

curred more coinnionlv in dead and somewhat desiccated ali^a- alon^ with

bacteria and I 'n >ti 1/1 m.

\2. Sirolpiiliuin hr\o^s/</is ( de Uriu-ne i I'etei'sen. Parasitic in Hryof1 -

.v/'.v plitniosn. \\oo.L Hole, tbron-bout the Mimmer. \
(>M: lune

July. l''.^5: Cladophora sp. ( sapmpln tic ? i. \\'oo(L Hole. July 1.

1935.

I

;
K,. 1. I '1. u n "I /.';-v<'/\w'.\- I'liniiotii in I'ci'ti'd uitli \/n '//'/<//; bryopsitiis.

Tin- !I!;K l.ciin! area caused \>\ tin- I'un.mi^ may he seen pavtirularly well along
tin axes of the lateral hraiu-ln--. \lmut natural size.

IMC. 2. Kctroi/i'llii /^-rfunins. parasitic in I.icniopliorti nhhrcvialn. A stand

i' tlie <liatnis ln-a\il\ iin'ccle-l \\itli tin fungus. Inl'rrtrd crlU may he distin-

hy the liidit. -ph.Tic.-d ^\t< .raimia nf the Eclr</,-llii within them. X 260.
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As in the preceding case, tin- \\oods link' material oi this fungus

showed iin morphological differences from that tound in Danish waters

(Sparrow. 1
( M4) and this phase oi tin- organism \\-ill not he dealt with

ai^ain lu-re. ll mi^ht he noted, however, that the /oosporc effects pcnc-

1 ration of the host cell exactly as in ( fyOlpidimil sphacclhinun.

Macroscopicallv. hcavilv infected plants mav he recognized hv the

presence of blackened areas alon^ the fronds ( I Mate III. Fi^. 1 ). "The

j^enenil a>]>ect ot the i unfits m the al^'a is shown in the photomicrograph
i Mate I. Fiu. -4 I- While carl\ in tin- course of the infection the fungus

undoubtedly acted alone in the entering and the breaking down of the

al^al content>. in later stages it was olten accompanied bv swarnis of

bacteria and IVoto/oa. .Mention lias been made already (p. 2.^S ) ol

ibe jiecnliar Protomyxa-like annual which otten competed \\'ith the

fungus. Indeed, in some case.s this association was so constant that bad

this animal not been entirelv absent in tin- Danish material, it miijit

easil\ have been supposed to be a phase in the lite history of the

Sirolpidium.

Since this fungus. bv reason of the somewhat filamentous nature of

its thallns, seemed the most suitable ol these marine tun^i tor tin.
1

pur-

pose, attempts of a verv preliminary nature were made to culture it.

It had been previously noted that if infected Hryof'sis plants wen- put

in close contact with air. such as allowing water to drip over them rather

than to submerge them entirelv. the tnn^us underwent a remarkable

transformation in bodv structure. Instead ol the formation ot typical

olpidioid thalli (I Mate I, Fitj. 4). there wi-rc- lormed definitely fila-

mentous, ramifying h\-]ih;e ( IMate I, l^i.y. 7 I. The resemblance ol these

to the hvpha- of the hi^hc-r I Mivcomycctes was \-ery Striking.

Pieces of Hrvopsis containing such hyph;e wert- placed in various

nutrii-nt solutions to determine whether or not further vegetative growth

could be induced. Dextrose, manno.se, ^alactosc. and fructose were

used in Seit/.-filtered sea-water solutions ol ()..> per cent and 1.0 per cent

and maintained at 1
(| JO C . Certain protein solutions were tried but

fouled too rapidly from bacterial action to be of use. 'I he amount oi

extramatrical i;ro\\th was used as a criterion for the ctlicac\ ot the par

tictilar solution. Suitable controls m Sell/- liltercd sea water alone

were aUo set up. Since it was soon found that onl\ the dextrose bad

a pronounced effect on growth, further solutions ot this sui^ar wi-re

made up to determine its most lavorahlc concentration. I he results ot

these preliminary trials are given m I able I

From these data it can be seen that the lower concentrations ol su^ar

\\ere most effective in stimulating e.xt ramalrical growth, whereas the

hi^bei concentrations, \\lnle the\ were not lethal to the I unions, sei'ined
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to have been definitely inhibitory. Attempts were then made to culture

Sirolpidnun on a solid medium by placing bits of the alga containing

extramatrical growth on 0.5 per cent and 1.0 per cent dextrose solutions

to which had been added either 0.5 per cent or 1.0 per cent agar. Fur-

ther growth could not be induced. Studies on the cultivation of Slrol-

pidiwm are being continued with the hope that from the data obtained

from this particularly favorable fungus a method can be devised for

getting a number of these organisms into culture. If this can be ac-

complished, then specific information can be obtained regarding the

nature of the activities carried on by these marine fungi.

TABLE I

Extramatrical growth of Sirolpidium in dextrose solutions at 19-20 C.
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ever, absent. An interesting feature of the parasitism of this fungus
was the fact that the Ceramium appeared at the time of observation

unaffected by the presence of the Chytridium. It seems probable, how-

ever, that even though the fungus itself did not exert a marked effect

on its host, the innumerable punctures in the cell wall of the alga laid it

open to entrance and attack by bacteria, and later. Protozoa. Such a

sequence did occur when infected plants were maintained in a laboratory

aquarium, but this does not necessarily indicate that such also takes

place under natural conditions.

15. Plcolpidium {Rocclla} marinum n. sp. Parasitic on Chytridium

polysiphonicc, Woods Hole, August 27, 1934.

In material of Chytridium polysiphonicc parasitic on Polysiphonia

fibrillosa, occasional sporangia were observed which were of larger di-

ameter (30-45 /A) and possessed a thicker wall and more oleaginous

contents than others. In several instances these were seen to discharge

motile bodies through 1-3 pores (Text Fig. 33). The spores were

minute, 3
fj. long by 2 \L in diameter, ellipsoid, posteriorly uniciliate, and

in contrast to those of C. polysiphonice, lacked a refractive oil droplet in

their content. After a period of swarming, certain ones settled down

on the surface of the sporangia of C. polysiphonicc and were observed to

produce a fine penetration tube (Text Fig. 32). Further development

was not witnessed.

\Yhile this fungus might at first sight be considered a multiporous

species of Rhisophidium, it is in reality a parasite of the Chytridium,

closely allied to certain fresh-water species usually placed in the genus

Plcolpidium. Reasons for referring all these species to Cornu's genus

Rocclla have, been stated in a previous paper (Sparrow. 1936). Since

no marine representatives of this genus have heretofore been described,

the fungus is considered a new species, and is termed Plcolpidium (Ro-

zella) marinum n. sp.

Plcolpidium marinum n. sp. Sporangium spherical, completely fill-

ing that of the enlarged host plant ; 30-45 ^ in diameter, at maturity

forming 1-3 pores through which the zoospores are discharged; zoo-

spores ellipsoidal. 3
\>. long by 2

//
in diameter, posteriorly uniciliate,

aguttulate. Resting spores not observed.

Parasitic on Chytridium polysiphonicc.

P. marinum sp. nov. Zoosporangium globosum. cellulam matricis

distentam omnino implens. 30-45
//,

dia.. maturitate 1-3 ostiolatis prse-

ditum per quae zoospora: emittuntur ; zoospora.' ellipsoidese, 3
/u. long. v.

2/i. dia., posteriore uniciliata-. aguttulatae. Sporae perdurante non

observatae.
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16. Rhizophidium discinctum Petersen. Parasitic(?) on Cera/mium dl-

apJiainiin, Woods Hole, August 17, 1934.

A fungus probably identical with that found by Petersen (1905) on

Spongomorpha and Acrosiphonia in Scandinavia was found attacking

the nodal cells of the Ccniiniuui which had been maintained in a labora-

tory aquarium for a week. It is probable that the fungus was only

weakly, if at all, parasitic on the alga.

TEXT FIGS. 22-35. Figs. 22-28, Thraustochytrium prolifcrum, on Bryopsis

phunosa, all X 760. Figs. 22-24, various stages in the development of the spo-

rangium ; Fig. 25, mature sporangium showing basal body which will become the

fundament of the secondary sporangium ; Fig. 26, discharge of the zoospores after

the bursting and deliquescence of the upper part of the sporangial membrane;
Fig. 27, discharged primary sporangium with secondary sporangium beginning to

enlarge; Fig. 28, more mature secondary sporangium. Figs. 29-30, Rhizophidium
discinctum on Ceramium diaphanum; Fig. 29, sub-spherical immature sporangium,
X 376; Fig. 30, empty sporangium showing angular aspect and thick wall, X 376.

Figs. 31-32, Chytridium polysiphonice ; Fig. 31, discharging sporangium on Poly-

siphonia, X 376; Fig. 32, mature sporangium attacked by a zoospore of Pleolpidium
(Rozella) mariuum X 376. Fig. 33, Pleolpidium maruium, Fig. 33, discharging

sporangium of the fungus in Chytridium polysiphonice, X 376. Figs. 34-35,

Rhizophidium globosum(?) on Rhisosolcnia sp.; Fig. 34, sporangium with peg-
like intramatrical tube, X 376

; Fig. 35, sporangium apparently attached to nucleus

of host, swarm spores of Labyrinthula sp. also attacking diatom, X 376.

The sporangia are at first spherical or hemispherical (Text Fig. 29),

but at maturity, because of the formation of one or two laterally-placed

discharge papillae, become more angular. In some cases the upper part

of the sporangium may be very definitely flattened. A further char-

acteristic is the thickness of the sporangium wall, a feature very evident
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in discharged sporangia (Text Fig. 30). Because of the density of the

host contents and especially because of the thickness of the algal wall.

observations on tin- nature of the intramatrical system were difficult.

So far as could be determined, this structure- appeared to consist of a

rather stout, unbranched tube. However, it is possible that it branched

deeper in the host. Because of this uncertainty it is probably better to

keep the fungus in the genus Rhisophidium than to transfer it to Plilyc-

tidndii. where, because of the unbranched rhi/oid. it might be placed.

Martin's fungus (Martin, 1922). termed by him Rhisophidium /Wv-

siphonuc (Colin) Peterscn, is probably referable to this species.

17. Rhisophidium globosum (Br.) Schrot.(?). Parasitic on Bryopsis

pluniosa, \Yoods Hole. August 8, 1934; saprophytic on Rliico-

solcuia .?/>/>.. \Yoods Hole, August 16, 1934.

The sporangia of the form on Bryopsis were spherical, 13-18 fi
in

diameter, and were attached to the host cell by a delicate, scarcely per-

ceptible, branched, intramatrical rhizoidal system. Tn contrast to Rhlzo-

phidium disciiicfuin. the even contour of the sporangium was maintained

at maturity.

The fungus attacked only healthy cells of the Rryopsis. While the

parasite at the time of observation did not appear to have any noticeable

effect on the host, it undoubtedly paved the way for the more destructive

activities of later invaders.

\Yhat may possibly be a closely related form was found in some

abundance on cells of Rhicosolcnia spf
1

. dredged from the bottom of

(ireat Harbor during a heavy "flowering period" of diatoms. The

sporangia (Text Figs. 34. 35) were globose to sub-globose, 9-12 p.
in

diameter, and were generally found singly, attached to the mid-region of

the diatom. A single, delicate rhizoid penetrated the alga and possibly

attacked the nucleus. Discharge of the zoospores was not observed and

hence, the possibility that we are dealing with a species of Chytridium

cannot be i iverlooked.

The fungus on Rhizosoleniuvn was found only on obviously dis-

integrating diatoms, generally in company with a species of Labynnthula

(Text Fig. 35) and a 7Yu/owy.n7-like animal. Flagellates were also

frequently observed in such cells. No bacteria could be demonstrated

in diatoms having both fungus and Labyrinfhula. or fungus alone, in

them.

Both of these fungi are only tentatively referred to the morpho-

logically similar species inhabiting fresh- water algae.
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18. Thraustochytrium proliferum n. gen. n. sp. Saprophytic on Bryop-
sis plnniosa, July 30, 1934; Ccrainiuin diaphanum, August 17,

1934; Woods Hole, Mass.

Thraustochytrium n. gen. Spore upon coming to rest on the host

cell encysting and producing an intramatrical rhizoidal system ; body of

the spore enlarging and becoming the sporangium; spores formed within

the sporangium, liberated by the bursting and dissolution of the whole
distal portion of the sporangial wall; spores non-ciliate when liberated;
new sporangia formed by a process of internal proliferation. Resting
spores not observed.

Thraustochytrium gen. nov. Spora cellulae matricis insidens, en-

cystans ac systerna intramatricale rhizoideum proferens ; corpus sporae
se mains faciens atque sporangium exsistens

; sporae intra sporangium
factse et eruptione dissolutioneque totius partis distalis parietis sporangi-
alis liberatae

; sporae non ciliatae quo tempore liberatae
; nova sporangia

ratione proliferationis internae formatae. Sporae perdurantes non ob-

servatae.

T. proliferum n. sp. Sporangia smooth, piriform, very thin-walled,

resting on the narrow base; 15.6-18 /A high by 10-13
/*,

in diameter;
rhizoid branched or unbranched, of limited extent

; zoospores somewhat

angular at discharge, later becoming spherical, 4
ju.

in diameter.

T. proliferum
3

sp. nov. Sporangia piriformia, angustae basi in-

sidentia, levia, pariete tenuissimo, 15.6-18 /A longa, 10-13
/j. dia., rhi-

zoidea ramosa aut non ramosa extensionis parvae ; zoosporae angulosiores

quo tempore emissae, serins sphaeroideiores exsistentes, 4
//,

dia.

The developmental features of this interesting fungus (Text Figs.

22-24) (Plate I, Fig. 2) are in the main similar to those of Chytridiuin
and Rhisophidium. However, in the Thraustotheca-like. discharge of

the zoospores and in the proliferation of the sporangium it possesses

two very distinctive characteristics. A further peculiarity is its method

of internal proliferation. After the cleavage of the zoospores there can

generally be seen a larger protoplasmic unit occupying the narrow, basal

portion of the sporangium (Text Fig. 25). Upon the bursting and

deliquescence of the upper part of the sporangial wall by the enlarging

zoospores (Text Fig. 26), these bodies float away leaving only the basal

protoplasm (Text Fig. 27). This enlarges (Text Fig. 28) and in time

becomes a sporangium. Thus, in contrast to the proliferating sporangia

of Saprolegnia, Pythiomorpha, etc., the fundament of the secondary

sporangium of Thraustochytrium is delimited at the time of zoospore

cleavage in the primary body.

There can be no question of the non-ciliate character of the zoospores

at the time of discharge. However, in mounts containing the fungus

occasional posteriorly uniciliate zoospores have been observed which are

a I am indebted to Prof. R. C. Nemiah for the Latin diagnoses of new genera
and species given in this paper.
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of the same size as those discharged from the sporangia. Since no other

chytridiaceous fungi were found on that particular material of Bryopsis,

it is entirely possible that after a period of relative quiescence, the spores

became ciliate.

Thraustochytriwn differs from its closest relative Rhisophidium, in

the internal proliferation of its sporangia, in its method of zoospore

discharge, and possibly in the possession of non-ciliate spores.

The fungus was found only on very disintegrated plants of Bryopsis,

where it sometimes occurred with Sirolpidium, swarms of bacteria, and

Protozoa.

DISCUSSION

I f we turn to a broader consideration of the organisms discussed in

this paper, certain points of more general interest are apparent.

Perhaps the foremost of these is the fact that fungi are unquestion-

ably demonstrated to be present in our marine waters. Although their

occurrence has been recorded almost wholly from the vicinity of \Voods

Mole, it is highly probable that they will be found generally distributed

in the littoral regions of the United States. While the number of spe-

cies is as yet small, this does not necessarily imply that they are actually

rare, either in kind or number. One need only to compare the bibli-

ographies of fresh-water and marine fungi to appreciate the small

amount of investigation that has thus far been accorded the latter group.

Undoubtedly, more intensive work will reveal many hitherto unrecorded

species.

These preliminary investigations would seem to indicate that the

fungous flora in the vicinity of Woods Hole does not differ materially

from that found on the other side of the Atlantic. Seven of the 13

fungi collected by the writer in the littoral of the Kattegat have been

found at Woods Hole. I'tirther indications of a probahlv widespread
distribution of marine fungi are to be found in Sirolpidium, now known
from the (lull" of Naples, the Kattegat ( Denmark), and Woods Hole, in

Petersenia Andrccl, known from King Charles Land (Arctic), (Jreen-

land. Denmark, the Adriatic, and Woods Hole, and in Ewrychasmidium,
known from the North Sea near Edinburgh, the Baltic, and Woods
I lole. It is also probable that a fungus from the Adriatic termed Eclro-

yclla Licmophorce by Scherlfel ( 1925) is referable to E. pcrforans IVt.,

in which case that parasite would now be known from the Adriatic, the

Baltic, and the vicinity of Woods Hole. The species of Labyrinthula

reported by Renn (1934) as being associated with the wasting disease

of Xostcra has been observed by the present writer in diseased material

of this plant from the Kattegat (1933), from Woods Hole ( 1934). and
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from Plymouth Harbor, England (1935). The organisms from these

localities were morphologically indistinguishable. Future work will

undoubtedly further corroborate this marked similarity of the floras

which is even now so apparent.

Another point of interest is the abundance in the sea of so-called

chytridiaceous fungi which possess biciliate zoospores. While those

inhabiting fresh-water algse are, in the main, uniciliate species (true

chytrids), in marine algae, biciliate forms are more frequently found.

From experience in investigating both types of habitat, the writer is

inclined to believe that this is a real difference and not an apparent one

resulting from the disproportionate amount of work thus far done in

the two groups.

As to the question of the abundance of any one species and of the

extent to which by its parasitic activities it actually limits the occurrence

of a
"
producer," very little is now known. Of the marine fungi ob-

served by the writer, Ectrogella perforans produces the most extensive

infection. Indeed, a closer examination of this disease might reveal

that, in some instances, it is responsible for the partial or complete dis-

appearance of the diatom from a locality. While it is true that the two

diatoms most susceptible to this fungus are littoral types (Licuiophora

abbreviate,, Striatdla unipunctata) ,
it is not known whether similar epi-

demics may be produced by Ectrogella among pelagic species. In this

connection, certain of the peculiar rhythms of
"'

flowering periods
"

of

pelagic diatoms which have been noted in the past and which cannot be

attributed to changing physical factors might well be considered from

the standpoint of the presence of parasites. Due to the importance of

diatoms in their role of
"
producers

"
in the sea, such a disease as that

caused by the Ectrogella should be examined in all its aspects, even

though at the moment it appears to be confined to littoral algae. Fur-

ther, it would be well in the future to give closer attention to the exam-

ination of plankton samples for evidences of parasitic organisms, espe-

cially during the decline of a
"
flowering period."

In the formation of "marine humus," as Waksman (1933) has so

aptly termed certain types of bottom deposits, future work may show

that fungi as well as bacteria play a significant part. It will be recalled

that in bottom samples taken in Great Harbor, Woods Hole, during a

heavy flowering period of diatoms, two types of fungi were found in

some abundance on Rhizosolcnia spp. (LabyrinthulaandRhizophidium*).
Both of these

"
reducers

"
were attacking diatoms in all stages of de-

composition and many of the algae must, from their well-organized con-

tents, have either recently fallen to the bottom or had been infected while

still alive. Efforts were made to determine whether or not infected
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diatoms could be observed in samples from surface tows. While such

indeed were found, from the nature of the waters in the vicinity of

Woods Hole, subject as they are to strong tidal forces, these cannot be

taken as proof of infection under pelagic conditions. It is just as pos-

sible that they were swept from the bottom as a result of tidal action.

Work on the frequency of occurrence of these bottom fungi will be

necessary before any estimate can be made of the extent to which they

contribute to the general cycle of decomposition in the
"
humus."

In considering these fungi from the standpoint of their parasitism.

we find a wide variation among them. Certain ones (Ectrogclla per-

forans, Eurychasmidium lunicfacieus, Pctcrscnia sp. in rotifer eggs,

( ?) Olpidiiun sphacellaruin, Pleolpidiuw marinum, Chytridium uicgasto-

iiniin and Rhizophidium ( fyglobosum on Bryopsis] were true parasites

and attacked, unassisted by other organisms, healthy host plants. None

of these was ever observed living saprophytically. Other species (Rhi-

zophidhtin discinctum and Pctcrsenia Andreei) were only doubtfully

parasitic, whereas, Labyrinthula CJiattoni(J), Thraustochytrium pro-

lifcnun, Rhisophidium globosuin( ?) on Rhisosolema, and Pctcrscnia sp.

on Ccratniuin were saprophytes and were found only on dead algal cells.

Until it can be shown experimentally that the Labyrinthula on decaying

diatoms is the same as that parasitic on Zostcra, it seems better to regard

the two as distinct species. Sirolpidium bryopsidis and Chytridium

pol\siphonl(C were facultative saprophytes. It might be interpolated

here that, while Pontisina lagenidioides was observed to be only sapro-

phytic in the vicinity of Woods Hole, in Denmark the fungus was found

to be parasitic as well, and hence it should be classed with Sirolpidium

and Chytridhttn polysiphonia as a facultative saprophyte.

It is a pleasure to acknowledge at this time the continued interest of

Dr. S. A. Waksman in the progress of these investigations. The writer

is also indebted to members of the hotanical Staff of the Marine Bio-

logical Laboratory, particularly to Dr. II. Croasdale. for bringing in

material of certain alga.'.

SUMMARY

In the foregoing paper are described fifteen species of phycomycetous

marine fungi, two myxomycctes, and a Protomyxa-\\\KS. protozoan, all

collected in the vicinity of Woods Hole. Mass. Included in these are

two new genera and two new species. With one exception, the fungi

were either parasites, facultative saprophytes, or saprophytes on various

species of marine alga-. One was found parasiti/ing the eggs of a mi-

croscopic animal, probably a rotifer. The results of preliminary at-
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tempts to culture Sirolpidium hryopsidis, a facultative saprophyte of the

green alga, Bryopsis pluniosa, are reported. None of these fungi, with

perhaps the exception of Rhisophidium disanctum, has heretofore been

known from the United States. The existence of true marine fungi,

their work as one of the several types of
"'

reducers
"

in the sea, and

their possible importance in the formation of marine humus are dis-

cussed in particular.
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OCCURRENCE AXD DISTRIBUTION" OF Till-: MARINE
PROTOZOAN SPECIES IN THE WOODS HOLE AREA 1

JAMES B. LACKEY

(Prom the U'oods Hole Oceanographic Institution-)

Investigations of the marine species of Protozoa and of their re-

gional, seasonal, and vertical distribution and numbers are fe\v although
much descriptive attention has been given to certain groups. Such are

the studies of the Radiolaria collected by the Challenger and other ex-

peditions ; the work of Brady (1884) and Kluimbler (1900) on the

Foraminifera; or the papers of Schaefer (1923, 1924, 1926) on the

marine amcebas. The marine Mastigophora have received scant atten-

tion as a whole although Lohmann (1902) and Schiller (1926) have

published important papers. The Dinoflagellata, however, have been

extensively investigated, notably by such workers as Kofoid and Swezy
(1921), and Lebour (1925). There is even less general work on the

marine Ciliata, although the Tintinnoidea have been extensively studied

by some workers, notably Jorgensen (1927). and there are descriptive

papers by Faure-Fremiet (1924) and Kahl (1928). The "
Xordische

Plankton" presents a survey of the marine Protozoa, and the chapter
on pelagic plant life by (Iran (1912) in "The Depths of the Ocean"

gives a generalization of what is known with regard to the pigment-

bearing forms. How little we actually know of the occurrence and

functions of the Protozoa in the seas is indicated by the fact that in the

book "The Marine Plankton," (Johnstone, Scott and Chadwick, 1924)

the Protozoa are not considered except for the
"
vegetable plankton,"

i.e., peridinians, whereas it has been definitely shown that a considerable

part of the plankton both by numbers and volume may consist of Pro-

tozoa.

They are probably more numerous and more important than is gen-

erally realized, (iran (1912) recorded more than
"
200,000 calcareous

flagellates per liter . . . just outside the European coast bank
'"

and

Allen (1919) reported It, 150 per liter of sea water. Me used the band

centrifuge to concentrate the organisms but was dissatisfied with the

method, so by diluting his sea water into culture media and counting his

'Journal Series Paper, New Jersey Agricultural Experiment Station, Depart-
ment of Water and Sewage Research.

- Contribution No. 65.
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cultured organisms, he estimated that the population of the sample was
at least 464,000 per liter, and says

" The real number must be greater
than this." Only about two-fifths (178,000) of this population were

Protozoa, but any such number must exert a considerable influence on

the other organisms in the same water. On the other hand, as Allen

pointed out, his estimated number of Protozoa may have been too small

since his media were not particularly favorable for the growth of these

animals.

If the marine Protozoa are as abundant as these two instances indi-

cate, they certainly merit more careful investigation as plankton com-

ponents. Clemens' (1933) North American Pacific Coast check list

includes 300 species; Smith (1904) noted 54 species from the Gulf of

Mexico; Calkins (1902) studied 74 species from the Woods Hole area.

Gran (1933) gave the numbers present and distribution of 4 species of

flagellates, 22 of dinoflagellates, and 9 of ciliates from the Gulf of

Maine; Cushman (1908) found 28 species of Foraminifera in the

Woods Hole region; Martin (1929) listed 35 species of dinoflagellates

from the New Jersey coast. Very little seasonal distribution has been

studied in North American waters, but this phase has been investigated
in the North Sea and the English Channel by Cleve (1899, 1900), Gran

(1912), Herdman and Scott (1908-15), Lebour (1917) and others.

From June first through early September, 1934, I studied the occurrence

and distribution of the Protozoa of the Woods Hole Area.

PROCEDURE

Studies were principally confined to those organisms occurring in

water taken at the wharf of the Oceanographic Institution; the water is

so turbulent there because of the strong tidal current sweeping through
the Hole between Buzzards Bay and Vineyard Sound that this point

samples both and there is hardly a difference in the vertical distribution

of the plankton. Samples were also taken from the Bay and the Sound

at various times with occasional samples from more distant points.

Swimming and floating forms were secured by filtering or centrifuging

samples of water varying from 120 cc. to 5 liters. A plankton net was

often used to determine what larger species were present but was useless

for counting purposes although relative numbers could be determined

by examining the catch. Bottom-dwelling forms were secured by sus-

pending traps from the float and by core sampling devices
;
later in the

summer a small core bottom sampler was constructed.
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TABLE I

The genera and species of marine Protozoa identified from the Woods Hole area
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TABLE I (Continued]
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TABLE I (Continued)
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TABLE I (Continued]
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TAHI.K I (Continued)
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The Sarcodina were the least important group in variety and actual

munhers found. The Ciliata formed a large and varied group on the

hottom and in debris but only a few occurred as free swimming or

floating forms. Dinoflagellida and Silicoflagellida were numerous but

curiously very few Coccolithophora appeared. Colorless, often large,

Kuglenida were abundant in samples containing debris and at the

bottom. The Pantastomatida were very common. .Samples often

swarmed with extremely large numbers of small flagellated Protozoa

laborious to count and identify which were usually examined to see if

they could be identified as Bodo, Dall'mgcria or such small species and

were then treated simply as
"
small flagellates." Altogether it is the

Flagellata which are of most importance as swimming and suspended
forms.

Of the major groups of Protozoa as listed by Calkins (1926), the

Woods Hole waters contain numerous species of each in abundance.

This includes the nine free living orders of Mastigophora, and all orders

of Infusoria, while the only order of the Sarcodina for which repre-

sentatives were not identified is the Mycetozoa.

SEASONAL SUCCESSION

No great pulses of Protozoa were found comparable to the well-

known succession of diatoms in the sea. Thus no group of Protozoa

ever attained the volume content of Chcctoccros or Rhizosolenia at any
observed time in the summer of 1934. These large diatoms more than

compensated by their size for any discrepancy in numbers between

themselves and the small flagellates, for example.

Practically the only Protozoa showing any succession were the dino-

flagellates and silicoflagellates. Radiolaria appeared in small numbers

in late August and early September but most of the Sarcodina and

Mastigophora and all of the Infusoria were present to some extent at

all times. Distephanus speculum was the sole representative of its

group in early June but later its numbers decreased and other genera
and species of silicoflagellates appeared. Tintinnopsis beroidca varied

greatly in numbers throughout the summer but some were always pres-

ent. Very few dinoflagellates were present early in the summer but

later they became the dominant forms. Thus Ccratium tripos was first

observed June 24, but soon thereafter it was common, and the same was

true of Peridiniopsis. The maximum for dinoflagellate species and

numbers was about mid-August. No swarming of dinoflagellates oc-

curred either, such as that observed by Martin and Nelson (1929) in

Delaware Bay. Table II gives the numbers and seasonal occurrence of

various groupings of Protozoa at Woods Hole in the summer of 1934.
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TABLE 1 1

Estimated numbers of Protozoa per liter of sea water showing seasonal occur-

rence for each of four species, five related groups and totals of all Protozoa occurring

at a given sampling point in the Hole at Woods Hole in the summer of 1934.

Date
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Lcinbus and the flagellates Bodo and Rhynchomottos. These samples

were then added to filtered sea water enriched with nutrient materials

and gave thriving cultures of several genera of diatoms; four species of

amu'bas ; the ciliates Uronychia, Cyclidiuin, Lciuhus, Holosticha, Enplo-

tcs charou and Euplotes patella as well as some unidentified ciliates
;

Oxyrrhis marina, Amphidiniuw operculatum and another unidentified

dinoflagellate, Rhynchomonas, Bodo and Notosolcmis; and green,

brown, red and blue-green algae, these last being especially rich in num-

ber of species and abundance. Evidently the sea bottom shelters many

organisms other than those in the trophic state, and to arrive at the true

population one should augment visual examination of fresh samples with

TABLE III

Numbers of protistan organisms accumulating in 24 hours per square centimeter

of exposed Syracuse dish. A typical sample.

Diatoms 16,120

Small algal cells 1 7,980

Fungi 2,480

Unidentified amoebeae 2,400

Unidentified Heliozoa 620

Unidentified flagellates 5,580
Unidentified ciliates 310

Exuvicella lima 930

Gymnodinium sp 620

Ceratium lineatus 240

Pyramimonas inconstans 1,240

Calycomonas sp 2,480

Trachelomonas euchlora 240

Anisonema ovale 620

Notosolenus orbicularis 240

Chlamydodon memosyne 240

Cyclidiuin glaucoma 240

Trachelocerca pjunnicopterus 240

Euplotes patella 240

Aspidisca costata 240

Podophrya fixa 240

Total Protozoa per sq. cm 17,060

a variety of cultures designed to produce excystment and growth ; the

cultures above were produced on only one type of medium. Instead of

accumulating a population of 144,000 Protozoa per square meter in 24

hours, the sea bottom at this shallow point might acquire many times

that many.
The nature of the sea bottom largely determines the nature and rate

of accumulation of its population. Sandy or current-swept bottoms

might have a small population, except in crevices, depressions or other

sheltered situations. In the Syracuse dishes representing a sheltered bot-

tom a film was gradually built up during four weeks greatly reminiscent of
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the film accumulating on tin- stunt's of the trickling- filter in a sewage dis-

posal plant. It consisted of much dehris hut nematodes, hydroids, and

uther Metazoa were abundant in it. Its chief population, however, con-

sisted of Protozoa and diatoms with a few filamentous alga?. The

deeper parts of the film contained few Protozoa, the maximum popula-

tion being in the porous upper part. Wherever such a thin blanket of

film as this exists on the sea floor it must be of great importance in the

mineralization of organic debris, which obviously occurs to the greatest

extent only where such a film can be built up. The few samples ob-

tained in 1934 from the sandy bottom of Vineyard Sound yielded few

Protozoa, but samples from the mud banks in Great Harbor showed an

TABLE IV

Protozoa in the surface film of two samples from muddy bottoms, and those

ubtained by towing five feet off bottom where one of the mud samples was obtained.

Buzzards Bay

Forty-five foot depth
Amoebeae, three species

Foraminifera, four species
Gromia lagenoides
A nisonema vitrea

Dinema griseolum

Distigma proteus
Urceolus sabulosus

Monas amccbina

Monas obliqua
Bodo globosus
Lionotus wrzesniowski

Loxod.es rostrum

Peritromus emma
Trachflocerca phtrnicopterus

Oxytrichia fallax

Uroleptus pisces

Diophrys excavatus

Tintinnopsis beroidea

Unidentified ciliates, three species

Great Harbor

Nine-foot depth
two species

Foraminifera, two species

Shepheardiella tceniformis

Anisonema inlrea

Anisonema sp.

Heleronema sp.

Peranema trichoplwrtim
Urceolus sabulosus

Mastigamceba longifilutn

Monas vimpara
Bodo angust us

Polytoma uvella

Prorocentrum triangulatuni

Rhodomonas baltica

Cyclidium glaucoma
Prorodon sp.

Chlamydodon memosyne
Tracheloeerca pha nicopterus
Unidentified ciliate, one species

Towing. Buzzards Bay

Distephanus crux

Exuvaiella lima

Ceratium fusus

Gonyaulax triacantha

Peridiniopsis asymmetrica
Monas vivipara
Strombidium sulcatum

Ochromonas marina

Kxuvia-Ha marina

Ceratium lineatus

Peridinium divergens
Phalacroma roseum

Holophrya griseum

Tintinnopsis beroidea

abundance of flagellates and ciliates. Table IV shows the Protozoa

identified from two such bottom samples, together with those obtained
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from a towing just off the bottom in tin- same locality for comparison.

Bottom-dwellers an- largely holo/.oic or sapro/oic, whereas those from

towings in shallow water are largely holophytic or sapro/oic. The small

number of species from the
1 bottom samples is accounted for by the tact

that the core of mud in each case was about 18 mm. in diameter. No
fresh cores from deep samples were examined in 1934, although a core

four days old from a depth of 200 meters contained numerous Bodo and

Anisonema and a new species of Prorodon.

THE ROLE OF THE PROTOZOA

It seems generally agreed that the Protozoa are important as a food

source for other organisms in the sea, especially such animals as cope-

pods. Examination of the gut contents of salps and copepods generally

shows an abundance of diatom and dinoflagellate shells as well as those

of Tintinnoidea. But such examinations reveal nothing about the use

of naked dinoflagellates, and the smaller ciliates and flagellates; they dis-

integrate and leave no recognizable remains in the gut. I am of the

opinion that these two latter types are more important in shallow waters

than the shelled forms because of their abundance, and also because the

large diatoms like Chcetoceros and Rhisosolenia, which were exception-

ally numerous at Woods Hole in 1934, cannot be ingested by the smaller

copepods. Direct observation is not very practical, but small copepods

were seen feeding on the bacteria and Protozoa in laboratory cultures in

July and six months later were abundant in those cultures containing

few diatoms but abundant bacteria and Protozoa. Clarke (1935) has

proved that copepods use these minute cells as food, and from Table II

it may be inferred that they are sufficiently numerous at all times in the

summer to serve as food. If these very small protozoan cells are con-

sidered to be roughly spherical, an individual 5 microns in diameter

would have a volume of 65.45 cubic microns, and a liter could contain

roughly 15 12 such individuals, so that a population of 300,000 per liter

which has been noted at Woods Hole would still be a relatively sparse

one. Nevertheless, the feeding mechanism of such animals as salps and

copepods is perhaps capable of straining out these food organisms and

the rapidity of cell division of these small forms permits a speedy re-

covery.

Nelson (1935) cites the importance of the dinoflagellates as food for

oysters and has successfully experimented with the feeding of them to

oysters. In areas such as the New Jersey coastal waters where the

dinoflagellate population is great they may have a decided importance for

this reason. Undoubtedly more careful investigation of the food of
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many marine animals will reveal a larger role of llie Protozoa as food

organisms.
The Protozoa also have an important function in the turnover of

organic matter; this is not separable from their function as food-

fi inning organisms. Dr. C. J. Fish remarked to me,
"
There must be

numerous Protozoa in the surface waters; if a dead copepod is taken

while over Georges Bank and allowed to stand in sea water from the

same source, it is quickly attacked by a swarm of Protozoa." This is

an easily made observation. Bacteria swarm about the dead animal also

and they and the Protozoa penetrate inside the exoskeleton where they
are not swept away by currents; there they work rapidly and soon only

the chitinous shell remains. Often the visible Protozoa are so thick

inside that their volume must be many times that of the decay bacteria.

Direct observation is inadequate as proof that thev actuallv ingest the

flesh of the dead animal, but a Loxophyllum quickly becomes filled with

round bodies, presumably stored food, while a Lcinbiis infnsioncin can

be seen forming food vacuoles containing ingested bacteria. The larger

ciliates may feed on bacteria or on diatoms or other Protozoa and are

themselves sizeable food morsels, as a species of Chccnia and one of

Trachelocerca each over 1,500 microns long. The holozoic and sapro-

zoic forms attack organic debris in suspension or on the ocean floor and

constantly convert it to protoplasm in part and accomplish its mineraliza-

tion in part. If they do not compare with the bacteria in numbers, their

size is a compensation for this.

Some Protozoa, especially the smaller ones, may be a part of the

food chain by partly acting as
"
food condensers." Butterfield (1933)

has shown that some bacteria thrive in a food medium too dilute for the

ciliate Colpidiuin. which alone requires 500 mg. per liter of certain sub-

stances, but which will grow on 5 mg. per liter of these substances if

Inicillus (crogcncs is present, the bacterium apparently "condensing"
the dilute food substances and being eaten in turn by the ciliate. It

seems probable that the numerous smaller and presumably saprozoic

flagellates may condense food in the sea in a similar manner, and in turn

become food for larger forms.

The photosynthetic activities of the Protozoa are also important.

The pigmented forms are numerous, and have a separate value in the

food chain because of their utilization of inorganic matter. This work

of those containing chlorophyll is self evident, but many brown, red and

other coloring matters are found in the various groups, and the func-

tions of these coloring matters is unknown. In the Woods Mole area

pigmented Rhizopoda are principally llelio/.oa and few in number, but

pelagic Radiolaria containing the yellow symbiotic flagellate, Chrysi-
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della, are abundant in the open sea. .Among the flagellates four of the

orders contain many pigmented forms, the most important being the

Dinoflagellida. Chlorophyll is practically lacking in the marine In-

fusoria but other colors are not.

The elaboration of glucose and subsequent products by these pig-

mented forms must be evaluated in any consideration of the carbon con-

tent of the sea. Furthermore, the depths at which the pigment-bearers
are found must be investigated, especially since they are active and rapid

swimmers and are more independent of flotation mechanisms than the

diatoms.

CONCLUSIONS

Systematic examination of the waters in the Woods Hole area has

shown the existence of a large protozoan population from early June
to mid-September. The population of this shallow tide-swept area is

probably greater than hitherto suspected and must have a considerable

ecologic importance because of its numbers, ability to reproduce rapidly,

place in the food cycle, and furtherance of mineralization of organic
debris. Scant examination of the off-shore waters indicates that the

large inshore numbers are approximated in these off-shore waters also.

Chlorophyll and other pigment-bearing forms predominate near the sur-

face while at the bottom bacterial feeders and saprozoic forms are most

abundant. Changes in the dinoflagellate population suggest seasonal

succession but no such changes were observed among other types. The
fauna at the bottom accumulates rapidly when protected and its mem-
bers are active in the constant mineralization of the deposited debris.

The maximum numbers in this film are determined by its thickness and

rate of deposition. A weekly census of organisms present was kept,

and a check list of the genera and species observed in the area has been

made.

BIBLIOGRAPHY

ALLEN, E. J., 1919. A contribution to the quantitative study of plankton. Jour.

Mar. Biol. Assn'n, N. S., 12: 1.

BRADY, H. B., 1884. Report on the Foraminifera. In
" The Voyage of H. M. S.

Challenger," Vol. 9.

BUTTERFIELD, C, 1933. A report on the food habits of Colpidium. U. S. Pub.
Health Reports, 48: 28.

CALKINS, G. N., 1902. Marine Protozoa from Woods Hole. Bull. U. S. Fisli.

Co ni in., 21: 413.

CALKINS, G. N., 1926. Biology of the Protozoa. Lea and Febiger, Philadelphia.

CLARKE, G. L., AND S. S. GKLLIS, 1935. The nutrition of copepods in relation to

the food-cycle of the sea. Biol. Bull., 68: 231.

CLEMENS, W. A., 1933. A Check-List of the Marine Fauna and Flora of the

Canadian Pacific Coast. National Research Council of Canada. Ottowa.

CLEVE, P. T., 1899. Plankton researches in 1897. Kong. Svcnsk. Vetensk.-Akad.

Ilandl., vol. 32.



278 JAMES B. LACKEY

CLEVE, P. T., 1901. The plankton of the North Sea, the English Channel, and the

Skagerack in 1899. Kong. Svensk.-Akad. Handl., vol. 34.

CUSHMAN, JOSEPH A.. 1908. Foraminifera of the \\'oods Hole Region. Proc.

Boston Soc. Nat. Hist., 34: 22.

FAURE-FREMIET, E., 1924. Contribution a la Connaissance des Infusoires Plank-

toniques. Bull. Biol. France, Belg. Supp. 6.

GRAN, H. H., 1912. The plankton production of the North European waters in

the spring of 1912. Bull. Planktoniquc.

GRAN, H. H., 1912. Pelagic Plant Life. In "Depths of the Ocean," by Sir John
Murray and Dr. Johan Hjort. MacMillan and Co., London.

HF.RDMAN, \V. A.. AND A. SCOTT, 1908-1915. An Intensive Study of the Marine
Plankton around the South End of the Isle of Man. Parts 1-8, Reports
for 1907-14 of the Lancashire Fish. Lab.

IOHNSTONE, JAMES, A. SCOTT, AND H. C. CHADWICK, 1924. The Marine Plankton.

The University Press of Liverpool.

JORGENSEN, E., 1927. Tintimiid;e. In "Die Tierwelt der Nurd- uiul Ostsec."

Lief VIII, Teil. II.

KAHL, A., 1928. Die Infusorien (Ciliata) der Oldsloer Sal/wasserstellen. Arch.

/. Hydrobiol., vol. 19.

KOFOID, C. A., AND OLIVE SWEZY, 1921. The free-living unarmored dinoflagellata.

Mem. Univ. Calif., Vol. 5.

LEBOUR, MARIE V., 1917. The microplankton of Plymouth Sound from the region

beyond the breakwater. Jour. Mar. Biol. Ass'n, 11: 133.

LEBOUR, MARIE V., 1925. The Dinoflagellates of Nortliern Seas. William Bren-

don and Sons, Plymouth.

LOHMANN, H., 1902. Die Coccolithophoridse. Arch. f. Protist.. 1: 1.

MARTIN, G. W., 1929. Dinoflagellates from marine and brackish waters of New
Jersey. Univ. lozva Studies, 12: 9.

MARTIN, G. W., AND Tiirui.ow C. NELSON, 1929. Swarming of dinoflagellates in

Delaware Bay, New Jersey. Dot. Gaz., 88: 2.

NELSON, THURLOW C., 1935. Personal communication to the author.

RHUMBLKR, L., 1900. Nonli^clu- Plankton. Foraminiferen.

SCHAEFFER, A. A., 192,\ ( lii the distribution of marine amebas. Curnct/. Just.

Wash. Year Book No. Jl, for 1922, p. 177.

SCHAEFFER, A. A.. 1924. Investigations on marine amcebas. Carney. Inst. Wash.

Year Book No. 23, p. 199.

SCHAEFFER, A. A., I92(xi. Investigations on marine amebas in Newfoundland and

Labrador. Carney. Inst. ll'ash. Year Book No. 25, p. 312.

SCHAEFFER, A. A., \926b. Taxonomy of the amoebas. Curnci/. Inst. U'asli.. J'uhl.

No. 345.

SCHILLER, JOSEPH, 1926. Die planktonischen \'egetationen des adriatischen Meeres.

B. ChrysomonadinjE, Heterokonta?, Cryptonionadin;e, Kugleninae, Yolvo-

cales. Arch. f. Protist., 53: 59.

SMITH, J. S., 1904. A Preliminary Contribution to the I'rotozoan Fauna of the

Gulf Biologic Station, with Notes on Some Rare Species. Hull 2, Sec-

ond Report, Gulf Biologic Station.



EFFECT OF ULTRAVIOLET RADIATION ON THE HEART
OF LIMULUS POLYPHEMUS

S. A. GUTTMAN

(I-mm the Department of Physiology and Biochemistry, Cornell University
Medical Collct/e, Ithaca, N. Y., and Marine Biological Laboratory,

}Voods Hole, Mass.)

The heart of Liunilns polyphemus was excised along with the dorsal

ganglion. The rhythmically beating heart was then placed in a finger

howl containing 200 cc. of sea water. Temperature changes were ob-

served by means of a thermojunction. One blackened junction was

placed on the ganglion at the level of the sixth segment. As the heart-

beat of the Limulus is neurogenic (Carlson, 1904 and 1905, and Carrey,

1932), its frequency and amplitude depend on the action of the ganglion.

Thus, if the temperature of the ganglion is recorded it is easy to deter-

mine whether frequency changes are attributable to temperature varia-

tions of the pace-maker. The source of ultraviolet employed during
this investigation was a Cooper-Hewitt Uviarc, with a 6-inch tube and

reflector, placed at 35 cm. from the preparation.

Figure 1 indicates the effects of repeated short intense ultraviolet

radiations on the Limulus heart with the dorsal or ganglion surface

receiving the radiation. The temperature of the ganglion is also

graphed (broken line curve). It is quite apparent that the temperature
increases caused by the heat of the mercury arc were not responsible

for the observed changes as the increases in temprature never exceeded

0.3 C. during a 3-minute period of radiation. Furthermore, while

there was a progressive rise in temperature, it was slight and was not

accompanied by a corresponding progressive and sustained increase in

cardiac rate; on the contrary, each brief exposure of the heart to the

action of ultraviolet light was accompanied by a burst of acceleration

which was followed in each instance by a recession of rhythm to the

initial rate or even to a slower rhythm when the exposure ceased. The

general tendency of the temperature curve is toward a higher level.

This is attributable in the main to the fact that the room temperature
was higher than the initial temperature of the bath although the radia-

tion may have added, in a minor degree, to the rise of temperature of

the bath.

It was observed that the amplitude of the heart's contractions also
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increased when these .short closes were applied. Xo correlation between

increase in frequency and in amplitude was found.

Shielding the heart with a glass plate and radiating the heart had no

effect. Thus, it is concluded that rays longer than 3.500 Angstrom units

are not responsible for the results reported and that it is the ultraviolet

region which is the factor to he considered.
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The Linnilits heart res])onds to ultraviolet radiation in a manner

similar to that of the frog and alligator ((luttman. 1935). Since the

l.iinulns heart-heat is neurogenic, the above experiments demonstrate
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the definite stimulating effect of ultraviolet light of rhythmogenic proc-

esses in nerve cells of the cardiac ganglion.

It was observed that by the end of 3 minutes of radiation the maxi-

mum increase appeared and then a rapid fall of the indices ensued.

Radiation for longer periods caused a greater fall in the frequency and

amplitude values after the initial increase. Hinrichs (1926) states that
"
the amount of radiation in a given region of the spectrum, which is

absorbed by the protoplasm in a given period of time, determines

whether there is to be an increase or decrease in the speed of the physi-

ological process." Packard (1931) working with X-ray, reports "an

acceleration which is followed by a retardation and often by a very

obvious injury."

It may be supposed, in the case of the Liimdus heart, that the pri-

mary action of the radiation is to increase the frequency of the nerve

cell discharges and also to increase the number of active nerve cells,

hence the number of nerve fibers transmitting impulses to the myo-
cardium is increased. The former supposition would account for the

increased frequency, the latter for the increased amplitude. The sec-

ondary effects (the decrease in the indices) may be attributed to a de-

crease in the number of fibers transmitting impulses and a decrease in

their frequency.

I am greatly indebted to Professor W. E. Garrey of Vanderbilt Uni-

versity Medical College, Nashville, Tennessee, for his generous advice

and aid.
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BERMl'DAX TURBELLARIAN

MARTHA F. WHLSH

( l-'roin the Bermuda Biological Station for Research )

An intimate association of plants and animaK Mich as the occurrence

of Zoochlorelke and Zooxanthelke in certain protozoans, coelenterates,

and flatworms presents some interesting problems which have long at-

tracted biologists. The most extensive studies have been made by
Keeble and Gamble on the two species of Conrolnta found at Roscoff.

Many interesting observations were made by these investigators but

one of the most important, the production of oxygen by the algae as a

result of photosynthesis and the subsequent use of this oxygen by the

animal, was not extensively studied. It has been easier in the case of

the green planarian, Convoluta roscoffcnsis, than in the case of the yellow

form. C. paradoxa, to demonstrate that photosynthesis occurs and that

the animal benefits from the presence of the alga- in its body. Geddes

(1879) and Haberlandt (1891) found the green planarian when placed

in darkness dies in the course of two or three days, the implication being

that when photosynthesis is arrested death from starvation ensues.

Geddes with a simple experiment, testing by a glowing match tip, was

the first to show that the gas given off in the sunshine by this same form

was oxygen. Keeble (1910), in summing up the work carried on jointly

with Gamble, says that the green cells in C. roscoffcnsis are capable of

photosynthesis and, when exposed to light, can utilize carbon dioxide,

give off oxygen, and manufacture carbohydrates the excess of which is

stored as starch. This starch in turn is used by the animal, as is shown

by its disappearance in animals kept in tin- dark. Keeble (1908, 1910)

said it was not easy to prove that the yellow-brown cells of C. panuioxa
were capable of photosynthesis but finally concluded that the reserve

food contained in these algal cells was probably a product of photo-

synthesis, and served the animal for nutritive purposes. lie claims the

reserve food is a fatty substance, in the form of droplets and is not

starch, thus differing from the stored food of the green form. Since

C. roscoffcnsis and C. paradoxa have no excretory system, Keeble states

the algal cells in both forms act as excretory organs and use the waste

nitrogen products of the animal.

The object of the present investigation was to determine whether a
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sufficient amount of oxygen might he produced hy Zooxanthellse to be

of value to flatworms harboring them and if so, to determine the quanti-

tative relations between oxygen production and consumption in the light

and in the dark. A form suitable for this work was found in abundance

during the summer months, in the aquaria at the Bermuda Biological

Station, where this investigation was carried on during June and July,

1033 and 1935. This turbellarian is probably Amphiscotops langcr-

hansii, described by von Graff (1905), but the description by Haswell

(1905) of an Australian accelous turbellarian Hcterochcerns is in some

respects a better description of the Bermuda form, particularly of the re-

productive apparatus. However, it is believed that the two forms are

identical and the genus Anipliiscolops is already well established.

Atnphiscolops langerhansii according to von Graff occurs in nature in

shallow rock-pools between tidal limits on the brown seaweed and sand,

but several attempts failed to locate such a source and the laboratory

aquaria supplied the several hundred specimens used in the course of

the work.

These turbellarians are positively phototropic and gather on the sides

of the aquaria toward the light. They are bilobed at the posterior end

and when not stretched out in moving, measure 2 to 3 mm. long and 1

to 1.3 mm. wide. There are two red eye spots and a statocyst easily

seen in animals which have been kept in the dark and whose color is

lighter due to fading and shrinking of the Zooxanthellae. Besides the

brown color due to the many Zooxanthellae, there is a reflecting pigment
scattered over the dorsal surface in a more or less median line.

The Zooxanthellse are not seen in a newly hatched larva, but appear
after a few days and in the adult measure 0.020 to 0.022 mm. in diameter.

These algal cells in a healthy adult worm, when stained with iodine, are

seen to contain small bluish bodies which are evidently starch. When
treated with 95 per cent alcohol the Zooxanthellae lose the yellow-brown

color first, then the chlorophyll collects as light green droplets and begins

to exude from the algae as their cell walls break down and they dis-

integrate.

The worms were collected from the sides of the aquaria by means

of a pipette and placed in 70 cc. bottles filled with sea water which had

been allowed to stand for at least an hour in order to permit the escape

of excess oxygen. The number of animals per bottle varied from one

to thirty. The ground-glass stoppers were water-sealed in order to

prevent an exchange of gases with the air, and the bottles were placed

either in a dark-room or in a situation where they received bright diffuse

light during daylight hours. The object was to determine whether

Amphiscolops kept in the light would survive longer than when kept in
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the dark and also whether a few animals would survive lunger than

many animals in a limited amount of oxygen. The bottles were exam-

ined at least once each day and the number of days the worms survived

was noted. All of the individuals of a given bottle died within a few

hours of one another, thus making it easy to determine the number of

days of survival of the group. It is possible that the first dying worms
had a toxic effect on the remainder and this might account for the indi-

viduals of a given group dying so nearly simultaneously. 1 lowever, the

uniformly consistent results obtained in all experiments indicated that

the chance death of an animal, and its possible toxic effect on the re-

mainder could be of little significance. The results are shown in Table

I. In the tests carried on in the dark it mav be seen that in all cases
/

TABLE I

Showing time of survival of worms in sealed bottles kept in constant darkness,

except during periods of examination.

No. of worm-;
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on by the symbiotic alga? benefits the animals which harbor the algae.

To what extent it may be the oxygen produced will be seen in the ex-

periments which are now to be discussed.

Sealed bottles containing one to thirty worms in sea water were

prepared as in the survival tests and one of a pair placed in the dark,

the other in bright diffuse daylight. \Yhile no attempt was made to

control the temperature, it fluctuated only slightly about an average of

26 C. After the bottles had remained in the light or in the dark for

TABLE II

Showing the amounts of oxygen in bottles containing one to thirty worms kept
for a period of days in the light and in the dark.

No. of worms
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the experiments ranged from 4.0 to 4.5 cc. per II'UT. The oxygen con-

tent of the sea water was not determined for each set of experiments.

The sea water used in each of the hottles of a given pair came from

the same -ample, however, and the light series serves as a control, as

the ohject was to determine the oxygen consumption in the dark. Table

1 1 gives the amounts at the end of two to five clays for varving numbers

of worms kept in the light and in the dark. In the light the average

amounts of oxygen may he seen to vary from 4.04 to 4.57 cc. per liter,

showing that under normal light conditions enough oxygen is produced

by photosynthesis to supply the needs of the worms and to maintain

a comparatively constant amount of dissolved oxygen.

If we now examine the results of the tests made on animals kept

in the dark it may be seen that in the case of one animal the average

TABLE III

Showing the difference in oxygen content of the light and dark series of Table II,

which gives a relative measure of oxygen consumption in the dark. From this it is

possible to calculate the oxygen consumed by one worm in a day. It is necessary to

assume that in the light the oxygen content is maintained at approximately its

original level by the photosynthetic activity of the algae.

No. worms
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per day does not vary much from the average of 0.069 cc. per liter per

clay. This indicates that the method employed and the results obtained

are quite reliable.

In view of the fact that in daylight the dissolved oxygen is main-

tained approximately constant, this average- of 0.06(
) cc. per liter also

represents roughly the amount of oxygen produced per day by the Zo-

oxanthellae of a single worm. The symbiotic alga? of Amphiscolops, al-

though yellow-brown alga?, are therefore seen to produce enough oxygen

by photosynthesis to supply the needs of the worms which harbor them
;

thus they are just as valuable as are the ZoochlorelUe of Convoluta.
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INTRODUCTION

The extensive genetic work being clone in tin's laboratory on tbe cycle

of Macrosiphuvn solanifolii with respect to wing production, the gamic

forms, and intermediates should eventually necessitate a study of the

possible chromosome relations with the cyclical phenomena. The pres-

ent work, dealing primarily with the normal chromosome behavior, will

serve as a basis for such an investigation. After the problem had been

under investigation for some time cytological results on other species

of aphids (Jeffrey, 1933, and Suomalainen, 1933) were seen to be not

in agreement with previous work done mainly by Morgan (1908, 1909,

1910, 1912, 1915) and von Baehr (1908, 1909). There was thus a

second object in the present study that of throwing light on the dis-

agreement between the new work and the old.

The problem was suggested by Professor A. Franklin Shull and

throughout its progress his generous helpfulness and pertinent sugges-

tions have been of inestimable value.

LIFE CYCLE

Parthenogenetic wingless females of Macrosiphum solanifolii appear

on the rose plant in the spring, presumably developing from fertilized

eggs laid the preceding fall. These so-called Mem mothers give birth

parthenogenctically to winged or wingless parthenogenetic females.

Succeeding generations are likewise both winged and wingless in vari-

able proportions. The potato serves as the summer host. Migration

to it occurs in several generations or possibly in all generations as long

as any aphids are left on the rose, and some individuals may remain on

the rose throughout the summer.

During the summer these two types, the winged and wingless par-

thenogenetic females, continue to bring forth successive generations of

parthenogenetic young, the winged forms producing more wingless off-

>pring than the wingless ones produce.
In the fall the winged forms give birth to gamic females. This may
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occur on the rose if the winged mother of the gamic female has migrated
thither. The males, which are winged and are horn mostly of wingless

mothers, develop on the potato plant and are believed to seek ont the

females on the rose. After fertilization the eggs are laid. These eggs

overwinter presumably on the rose, and from them stem mothers develop
in the spring.

MATERIAL AND TECHNIQUE

Unlimited numbers of parthenogenetic females of the potato aphid
were easily maintained throughout the entire year on potato plants

grown in flower pots in the laboratory. The males occurred in smaller

numbers and at long intervals so that whenever they did appear it was

necessary to preserve for future study as many as could be handled.

For a study of the maturation stages of the parthenogenetically

developing egg, the adult parthenogenetic wingless females were fixed

and sectioned, and studies were made of the ovarioles within the enclosed

embryos. The maturation stages in the males were most numerous in

the second and third instars.

Navashin's fixative (4 to 12 hours) gave the best results on both

chromatin and cytoplasm and was used almost exclusively. The

N-butyl alcohol technique for animal tissues described by Stiles (1934)
was used for dehydration and infiltration. The insects were embedded

in paraffin ;
sections were cut at 7 micra and stained in Heidenhain's

iron hematoxylin.
The drawings of cell outlines were made with the aid of a camera

lucida and a Zeiss 2 mm. (1.3) apochromatic objective and a 15 X
ocular. These outlines were later enlarged with an opaque projector
and details of cells drawn free-hand.

SPERMATOGENESIS

Spermatogonial Mitosis

The testes are bilobed structures composed of a number of cysts

containing germ cells in various stages of development. The germ cells

in any particular cyst are in the same stage of development and in the

embryos these cells are all spermatogonia, many of them undergoing
mitotic division.

The resting spermatogonia (Fig. 1) have a characteristic large,

rounded nucleus with a heavily staining nucleolus, which in the majority
of cases lies near the nuclear membrane. The cytoplasm surrounding
the nucleus is a comparatively thin layer and contributes little to the size

of the cell.
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The chromatin first appears in the early prophase as a network of

fine, lightly staining threads connecting heavily staining granules scat-

tered throughout the nucleus. The threads appear single, though it

is impossible to determine this with certainty. As the chromatin threads

condense they become grouped about the nucleolus, radiating in long

loops from this point. The completion of the condensation in late pro-

phase reveals nine chromosomes (Fig. 2). all of which arc rod-shaped
and of the same thickness, but of five different lengths. The longest

chromosome is unpaired. The rest arc paired; the longest of the four

is slightly shorter than the single chromosome, the smallest is nearly

spherical, and the others are of intermediate lengths. The nucleolus is

still present at this time but it becomes smaller as prophase proceeds
and eventually disappears just before the appearance of the spindle.

At metaphase the chromosomes arrange themselves normally on the

equatorial plate, but become so closely crowded together that they are

individually indistinguishable. The chromosomes divide longitudinally

and, retaining their compact, crowded form, pass as two groups of

daughter chromosomes to the poles. Interzonal libers are evident at

this time extending from one group of chromosomes to the other. Af-

ter completing a short resting stage the cells divide again.

Meiosis

After completion of growth as normally occurs in meiosis the pri-

EXPLANATION OF PLAT 1C I

FIG. 1. Spermatogonium in resting stage.

FIG. 2. Prophase of spermatogonium showing nine chromosomes. The long-
est is the unpaired chromosome.

FIG. 3. Primary spermatocyte in resting stage.

Fir;. 4. Prophase of primary spermatocyte showing paired chrmnatin threads.

Xucleolus in center.

Fir;. 5. Prophase of primary spermatocyte with chiu.sma-like pairing of

chromatin threads.

I'M.. (>. Later prophase. One of the paired chromosomes in the center of the

nucleus is broken and the broken ends attached to the ends of one of another pair
of chromosomes.

FIG. 7. Diakinesis showing nine chromosomes. Eight of the chromosomes
are paired and one is unpaired.

IMG. <S. Polar view of equatorial plate of first meiotic division.

FIG. 9. Lateral view of equatorial plate. Unpaired chromosome in center

of spindle with ends directed toward poles.

FIG. 10. Anaphasc. Unpaired chromosome lengthened and extending from
one group of separating chromosomes to the other.

FIG. 11. Later anaphase showing constriction of unpaired chromosome at

same level as cytoplasmic constriction.

Fir;. 12. Telophase. Cytoplasm divided unequally by constriction. The un-

paired chromosome extends from one nucleus to the other.
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mary spermatocytes (Fig. 3) are about twice tlie size of the spermato-

gonia. One other difference between the two types of cells is the pres-

ence of a small nucleolus lying near the nuclear membrane of the pri-

mary spermatocyte in addition to the large nucleolus, which is like- that

found in the resting stage of the spermatogonia.
The prophase development is normal. The chromatin threads first

appear as faint, beaded threads connecting rather large chromatin 1 todies

(about halt" the si/e of the small nucleolus) that are scattered through-

out the nucleolus. These granules disappear as condensation continues,

leaving distinctly double, roughly beaded chromatin strands, which ar-

range themselves in loops extending outward from the nucleolus

(Fig. 4).

The prophase stages showing the paired chromatin threads were

studied with particular care in the hope of finding any unusual re-

arrangement of the chromatids. The segregation of genetic characters

has never been determined definitely in any specific pattern in aphids
due to the difficulty of breeding the gamic forms, though Shull (1925)
found indication of a multiple factor inheritance of color. Therefore

any prophase configurations that might indicate crossing over or other

rearrangements of the chromatids, and thus genetic characters, would

he of particular interest in this respect.

The intimate union of the chromatids at certain points, while keeping

distinctly separate between these points, is particularly characteristic of

chiasma formation. Recent cytological studies indicate that the forma-

tion of chiasmata is definitely correlated with crossing over so that the

presence of one is evidence of the other. In Fig. 5 is shown a cell in

which the paired chromatids have the appearance of characteristic chi-

asmata. A second example of chromatid rearrangement is shown in

Fig. 6. ( )ne chromatid of a pair has become broken in the middle, the

broken ends becoming attached to the ends of one chromatid of another

pair. This might very easily result in a type of translocation. It is

thus evident that there is in the prophase of the male maturation division

the mechanism whereby portions of chromosomes can and do become

rearranged, and which presumably results in a rearrangement of genetic

characters.

The further contraction of these prophase strands ultimately forms

smooth, rod-shaped chromosomes of unequal lengths (Fig. 7). They
are thicker and shorter at this stage than in the corresponding stage of

spermatogonial mitosis, and the size relationship between the individual

chromosomes varies in one respect from those of the preceding division,

namely, that in the spermatogonial mitosis the unpaired chromosome is

the longest, while in the diakinesis of the first maturation division the
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unpaired chromosome is exceeded slightly in length by one of the other

pairs.

A difference of size relationship of the unpaired chromosome to the

other chromosomes in the cell between the prophase of the spermato-

gonial mitosis and the first maturation division was described for one

other aphid (Euceraphis hctuhc) by Shinji (1931). He states: "Here

| prophase of the first maturation division
|

the X-elements, four in num-

ber, are individually and collectively smaller than any one of the bi-

valents in the spermatocytes. When, however, we examine the equa-
torial plate of the spermatogonia . . . each X-element, except one, is

nearly as large as any of the autosomes."

The arrangement of the chromosomes on the equatorial plate is nor-

mal in every respect. The unpaired chromosome is attracted to the

plate to the same extent as the bivalents, and differs in this respect from

the usual behavior of unpaired chromosomes in other forms, and in

particular those of hybrids, in which the unpaired chromosomes are scat-

tered over the spindle during metaphase and are not attracted to the plate

until after the separation of the bivalents. A polar view shows only 5

chromosomes on the equatorial plate at this time, inasmuch as only 4 of

the paired chromosomes and the unpaired chromosome are visible

(Fig. 8). The unpaired chromosome is the second largest on the plate,

though its identity can only be inferred from a knowledge of its size

relation to the other chromosomes. This equatorial plate is a stage

more often found than any other in the entire maturation and while the

arrangement of the chromosomes differs occasionally, the unpaired

X-chromosome is always on the plate. I believe, therefore, that it can

be said with a high degree of assurance that the unpaired chromosome

is subject to the same forces and to the same degree of regulation as

the bivalents, and does not behave in an irregular manner. In a side

view of the same stage there is no difficulty in determining the unpaired

chromosome (Fig. 9). In the particular cell here drawn, the unpaired

chromosome has further contracted and turned so that it lies perpen-

dicular to the other chromosomes on the plate, and each end is directed

toward one of the poles, while the paired chromosomes are just on the

point of separating. The spindle fibers are visible but there are no

centrosomes, which seems to be characteristic of all the cell divisions in

this particular species.

The force exerted upon the paired chromosomes during anaphase,

to draw them to the poles, must attract the two ends of the unpaired

chromosome to the same degree as the bivalents, for each end of this

chromosome is drawn toward one of the poles along with the segregating

bivalents. This necessitates a stretching and lengthening of the un-
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paired chromosome ( Fig. 10), which seems as though it were destined

to divide transversely in half along with the equal division of the cell,

for a constriction appears in the middle of the lengthened chromosome

and at the >ame level a constriction appears in the cytoplasm ( Fig. 11 ).

The cytoplasm does not divide into two equal parts, for immediately
after the appearance of the constriction it hegins to slip toward one end

of the elongated cell, and at the final division only a small amount of the

cytoplasm is pinched off. This unequal division produces secondary

spermatocytes of two sizes of which one is a large cell containing most

of the cytoplasm and the other is a small cell containing very little cyto-

plasm (Figs. 12. 13. 14. 15).

The constriction of the lagging chromosome appears first halfway
lietween the two ends, hut gradually, as the cytoplasmic constriction slips

to one end of the cell, the entire middle region of the chromosome he-

comes compressed while the ends get slightly larger as though part of

the chromatin material were being forced into the ends by the constric-

tion. At this time the lagging chromosome is much like a dumb-bell in

appearance. Each end of the unpaired chromosome lies within the

newly formed nuclear membrane of the daughter cells while the thin

constricted middle portion extends through the cytoplasmic bridge that

connects the two cells before division is complete (Figs. 12 and 13).

The formation of tin- nuclear membrane is not complete in either cell at

this time, for a gap is left open in both nuclei through which the lagging.

unpaired chromosome extends (Fig. 12).

The appearance of the lagging chromosome at this time might easily

lead one to conclude that it divides transversely, half going into each

daughter cell. This does not occur, for just before the small cell is

pinched off by the cvtopla>mic constriction, the lagging chromosome is

withdrawn from the small cell and goes in its entirety into the large cell

(Fig. 14). Examples of this lagging chromosome going into the large

KXIM.AXATIOX OF PLATE II

FIG. 13. Telophasc.
IMC. 14. Later telophase. Greater part of unpaired chromosome in larger

cell.

IMI;. 15. Large secondary spermatocytes having five chromosomes and small

secondary spermatocytes having four chromosomes. Chromosomes split longi-

tudinally in preparation for second meiotic division.

FIG. 16. Polar view of equatorial plate of second meiotic division.

FIG. 17. Anaphase of second meiotic division.

FIG. 18. Spermatids. Three degenerating, small secondary spermatocytes

lying among spermatids.
I

1
' Later spermatid.

Fir;. 20. Mature spermatozoa. Only a part of the tail has been drawn ex-

tending to the left.
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cells are very scarce, due no doubt to the rapidity with which the event

takes place, though it is not difficult to find stages immediately before

and after the final movement of this chromosome.

In the cell drawn in Fig. 14, showing the lagging chromosome going

into the larger cell, the chromosomes are larger than those in the draw-

ings of the preceding stage (Figs. 12 and 13). This might cause some

question as to the accuracy of interpreting Fig. 14 as the stage following

Figs. 12 and 13. The difference in size is probably not due to any

fundamental difference between the two stages nor to a growth of the

chromatin in the later stage, as might be supposed from these drawings,

but rather to the swelling effect of the fixative used on the aphid from

which Fig. 14 was taken. Gilson's fluid was used on this aphid and in

general seemed to cause greater swelling than Xavashin's fixative which

was used on the aphids from which Figs. 12 and 13 were taken.

Immediately after the lagging chromosome has been drawn into the

large cell, the small cell is severed completely from it by the cytnplasmic

constriction. The two types of cells remain side by side throughout the

cyst for some time. The large cells contain most of the cytoplasm and

5 chromosomes, while the small cells contain very little cytoplasm and

only 4 chromosomes (Fig. 15).

After completion of the first division the large cells go through a

short resting stage or interphase in which the chromatin becomes indis-

tinct. Even in earlv tclophase before the first division is complete the

chromosomes begin to lose their well rounded, smooth appearance (Figs.

12. 13. and 14). The chromosomes spread out, seem to dissolve, and

finally disappear altogether. The chromosomes in the large cells in

Figs. 12 and 13 show this to some degree, but the best example is the

chromosome lying along the periphery of the nucleus opposite the lag-

ging chromosome in Fig. 14. The beaded or granular chromatin threads

connecting the chromosomes, which were particularly evident during

prnphase of spennatogonial mitosis, are present again at this time.

These connecting threads are characteristic of this aphid, for in some

cases I have even observed them extending from one chromosome to the'

other on the equatorial plate of the first meiotic division, and they are

particularly evident whenever the chromosomes are not condensed to

their fullest extent, whether this be during prophase or during telophase.

Stevens (1905) described similar connecting threads in Aphis icnothcrcc.

The chromosomes in the large cells split longitudinally before the

interphase, this being the first indication ol the second maturation divi-

sion which occurs immediately after the interphase. It seems likely that

this split condition is retained through this resting stage, though during
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it the individual chromosome's become lost to view, for at the first ap-

pearance of the chroinatin threads in their recondensation their double

nature is apparent. This return of the chroinatin to a condensed condi-

tion follows normal prophase behavior, the chroinatin becoming evident

first as faint, thin threads which gradually thicken and shorten until

they become typical chromosomes. There is a greater contraction at

this time than during the prophase of the first meiotic division for the

chromosomes that assemble on the equatorial plate of the second meiotic

division are about one-half their former size (Fig. 16). However, all

the chromosomes contract to the same degree so that each chromosome

in any particular cell has the same size relative to the other chromosomes

in that cell as in the preceding division. A direct comparison in one

microscopic field of cysts containing equatorial plates of the second

meiotic division with cysts containing the same stage in the first divi-

sion shows clearly that the entire cell at the metaphase of the second

division is smaller than the same stage in the first division.

During the anaphase of the second meiotic division (Fig. 17) the

chromosomes divide along the longitudinal splits that were first visible

in telophase of the preceding division before the interphase. This di-

vision is equational, none of the chromosomes lag, and each of the two

equal cells that are formed contains 5 chromosomes, of which 4 are

autosomes and one the unpaired or, as it has been termed by others, the

X-chromosome. Interzonal fibers that stained no more densely than

the spindle fibers are evident during the anaphase of this division. They
extend from one group of separating chromosomes to the other.

After completion of the second maturation division the large cells

develop into spermatids (Figs. 18 and 19) and eventually into mature

spermatozoa (Fig. 20).

The small secondary spermatocytes remain scattered throughout the

cysts among the large cells for some time after the first maturation di-

vision. The chromosomes split longitudinally and remain in the centers

of the cell as if about to arrange themselves on the equatorial plate, but

no spindle is formed and cell division never goes beyond this point. In-

stead the chromosomes become clumped together, while the cytoplasm

begins to degenerate and gradually disappears, leaving a round mass of

chroinatin that stains very heavily. After the second maturation divi-

sion the majority of the degenerating cells are found near the periphery

of the cyst where they presumably have been forced by the movement of

the large secondary spermatocytes during the division. The number of

degenerating cells gradually decreases as development proceeds. A few

are still evident lying among the developing spermatids (Fig. 18), but

before the development of the mature spermatozoa the last trace of the

small secondary spermatocytes is gone.
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The presence of these two types of cells makes it possible to deter-

mine whether every division of a primary spermatocyte results in two

unequal cells or whether two equal secondary spermatocytes are occa-

sionally produced from one division. If in any one cyst after the first

maturation division the number of large cells equals the number of small

cells, the division of every primary spermatocyte must have been un-

TABLK I

Counts of male germ cells after the first and second maturation divisions showing
the relative frequency of the two types of cells.
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in the total of the entire 6 cysts, the large cells and the small cells are

about equally numerous. The proportion of the large cells in the total

is 0.5043 0.0146 (standard error, not probable), which is an insig-

nificant deviation from 50 per cent. The lower half of the same table

shows the counts made after the second maturation division. There is

a greater variation in the individual cysts from the theoretical 2 : 1 ratio,

but of the total number in the 6 cysts the proportion of large cells is

0.6680 0.0085, which is only insignificantly different from two-thirds.

These proportions are so close to the expected ratios that there can

be little doubt that the primary spermatocyte always divides unequally,

resulting in large and small secondary spermatocytes in equal numbers,

and that the large cells divide again, eventually producing viable sper-

matozoa, while the small cells degenerate. Schwartz (1932) reported

similar results from a study of Tctrancura ulini de Geer.

MATURATION OF THE PARTHENOGENETIC FEMALE EGG

The reproductive system of the parthenogenetic female consists of

a vagina, two short oviducts branching from the vagina, and a variable

number of ovarioles (up to ten) branching from the oviducts. At the

end of each ovariole is a germarium in which the germ cells are found.

Maturation begins in the germarium and is completed in the upper
end of the ovariole to which the germarium is attached. The repro-

ductive system of the most fully developed embryos enclosed within the

adult parthenogenetic females proved to be the best place in which to

study the maturation stages. The germaria within the embryos are

made up of yolk-producing cells and germ cells, while each ovariole

contains a maturing oocyte and an embryo in the blastula stage of

development. The oocyte lies in the anterior end of the ovariole close

to its attachment to the germarium and the embryo is found just poste-

rior to the oocyte. In Fig. 21 is shown a longitudinal section of a

germarium and the end of the ovariole containing an oocyte undergoing

maturation. The embryo which usually lies posterior to this oocyte is

not shown. The germarium represented in the upper half of the draw-

ing is separated from the oocyte by a constriction of epithelial cells

which form a covering for the germarium and make up the wall of the

ovariole. These epithelial cells form a structure much like the finger

of a glove of which the germarium occupies the extreme tip.

The germarium is an ellipsoidal (sometimes nearly spherical) struc-

ture in which are yolk-producing or so called
"
nurse

"
cells, and germ

cells. The nurse cells are at the extreme tip of the ovariole and form a

single-layered ball of cells surrounding a cavity filled with yolk, much

like a typical bastula (Fig. 21).
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Directly beneath the nurse cells in the drawing are shown 3 oogonia,

two of which arc in a prophase stage of oogonial mitosis, while the third,

the center one. is beginning to increase in size and develop into an

oocyte. The oogonial divisions occur in this region of the germariuni,

but after each oogonium has completed its last mitotic division its de-

scendant cells begin to grow and pass through the neck of epithelial

cells into the ovariole. This epithelial membrane is elastic so that the

opening is widened, allowing the enlarged germ cell to descend into the

ovariole. The growth of the oocyte is presumably due to the direct flow

of yolk into the cell from the source of supply within the ball <>t nurse

cells. A stream of yolk passes from this ynlk supply to the oocyte, and

follows it down through the neck of epithelial cells into the ovariole.

remaining connected until after the completion of maturation. In Fig.

21 this yolk stream can be seen extending from the yolk supply through

the neck of epithelial cells to the tip of the ovariole. The drawing does

not show a direct connection between the yolk stream and the oocyte,

but this can be plainly seen in Fig. 24. At the top of the latter drawing

are represented a few of the epithelial cells which are a continuation of

the ovariole wall and form a connection between the ovariole and the

germariuni. Between these two layers of cells is the yolk stream, flow-

ing directly into the oocyte by way of an opening in the- cell membrane.

After entering the ovariole, the oocyte continues to increase in size,

as does the nucleus, and eventually becomes ellipsoidal in shape, due

perhaps to the pressure exerted by the walls of the ovariole. It is im-

possible to count the individual chromosomes at this stage as they are

wound about one another in a compact mass in the center of the nucleus

(Fig. 21). After the oocyte attains a size slightly larger than the ger-

marium the nucleus migrates to the periphery, usually midway between

the two ends of the ellipsoidal oocyte. After reaching this point the

nuclear membrane disappears and the individual chromosomes arrange

EXPLANATION <>l ; PI. ATI' III
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;
n,. 21. 1 'pper half germarinm of parthenogenetic female showing cross-

section of ball of nurse cells with \<>\k in center. Yolk stream extending from

yolk supply to tip of ovariole. Three oogonia directly beneath nurse cells. Lower

half tip of ovariole with primary oocyte.

Fi<;. 22. Primary oocyte. Polar view of equatorial plate.

l-'id. 23. Primary oocyte. Lateral view of equatorial plate.

I-'K;. 24. Early telophase of maturation division and formation of polar body.

At top of figure yolk stream entering oocyte.

FIG. 25. Mature parthenogenetic egg with cleavage nucleus in resting stage.

Polar body at right of figure between embryo and ovariole.

FK,. 2<i. Polar view and lateral view of cleavage mitosis in developing

embi
FIG. 27. Polar view of somatic mitosis in male.
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themselves on the equatorial plate of the spindle (Figs. 22-23). In

Fig. 22 ten chromosomes, each slightly furrowed at the ends indicating

a longitudinal split, are visible from a polar view of the equatorial plate.

A side view of the spindle shows one pole lying close to the periphery of

the oocyte and the other pole directed toward the center of the egg.

Ten chromosomes are also visible here, and in fact in all my observations

of complete equatorial plates of this division, particularly the polar

views. 1 never observed any variation of this number. The poles of

the spindles lack centrosumes. as is true also of the cell divisions in the

males. The chromosomes divide along the longitudinal splits previously

noted, 10 chromosomes being extruded in the form ot a polar body while

10 remain in the egg. A late anaphase of this division with character-

istic inter/onal fibers extending from one group of chromosomes to the

other is shown in Fig. 24. It is impossible to count the individual chro-

mosomes at this time because of their crowded condition. The polar

body is pinched off and comes to lie between the ovariole wall and the

t L;g membrane, as is shown in Fig. 25. The small amount of cytoplasm

that surrounds the chromosomes of the polar body at the time of its

separation from the egg has by this time degenerated and a small, darkly

staining mass of clumped chromatin is all that is left. The polar body

later sinks into the cytoplasm of the egg and is evident in the cytoplasm

of the developing embr\o until about the tourth or litth cleavage divi-

sion, after which time it is no longer visible, possibly having been

absorbed.

As soon as the maturation division is complete and the polar body

is extruded a nuclear membrane is formed around the chromosomes that

remain in the eg^. The chromosomes lose their identity as the resting

stage of the first cleavage nucleus is formed, which remains near the

periphery of the egg and soon undergoes the first cleavage mitosis.

These first cleavage divisions are nuclear only, each of the daughter

nuclei remaining close to the periphery of the eg^; so that a syncytium

is formed of a peripheral row of nuclei around a central mass ol clear

cytoplasm. The cytoplasm eventually divides between the nuclei, torm-

iii<: a single laver of peripheral cells which usually surrounds two or
r* r"*i I 1

three nuclei that are lying free in the central area of cytoplasm.

The individual chromosomes are very distinct in polar views ot

cleavage mitoses, which show ten chromosomes of live different sizes

( Fig. 2f>). The five different sizes of chromosomes have the same size

relationships as those describee] for the male germ cells, and also for

the somatic cells of the male, as in Fig. 27 in which is shown an equa-

torial plate of a somatic mitosis taken from tin- wing bud ot a male.

The chromosomes of the female cleavage divisions differ from the male
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germ and somatic chromosomes in that one member of the largest pair

of chromosomes in the female is absent in the male. The absence of

this chromosome in the male is the cause of the unpaired condition of

one of the chromosomes of the male, which lags in maturation. Thus

the condition in this species of aphid, Macrosiphum solanifolii, is similar

to that found in phylloxerans by Morgan and for other aphid species by
von Baehr and others in that the female has one more chromosome than

the male. This chromosome and its partner, which form the longest

pair in the female, are the so-called X-chromosomes. Two of them are

found in the female while only one is found in the male.

Gamic females were not available for a study of their chromosomes,
but it is safe to assume from analogy with other species of aphicls that

the chromosome number in the gamic female is 10 or the same as in

the parthenogenetic female and that eggs are produced having the

haploid number of 5 chromosomes. This assumption can be made with

a high degree of certainty because in all the species previously studied

the results have been the same. The disagreement has always been

concerned with the fate of the lagging chromosome in the male. Be-

cause of the degeneration in the male of the secondary spermatocytes

containing 4 chromosomes, all the viable spermatozoa contain 5 chromo-

somes and the individual that develops from the fertilized egg of the

gamic female must necessarily contain 10 chromosomes, which is the

female number.

DISCUSSION

The controversy in aphid cytology has invariably been concerned

with the fate of the unpaired chromosome or chromosomes, and the rela-

tive sizes and fate of the secondary spermatocytes. Morgan (1908),

von Baehr (1908), Schwartz (1932), and others claimed that the un-

paired chromosome acted as a sex-determining chromosome and went

in its entirety into one secondary spermatocyte, while the other sec-

ondary spermatocyte receiving very little cytoplasm, was much smaller

and degenerated. Jeffrey (1933) believed the previous work to be in

error, stating that in Aphis salicicola and Aphis populifolice the division

of the primary spermatocyte resulted in two cells of equal size, neither

of which degenerated. The chromosomes were assorted equally be-

tween the two secondary spermatocytes and while he mentioned the

presence of lagging chromosomes, which were similar to lagging chro-

mosomes described previously by other workers, he did not refer directly

to their behavior. He held that the lagging chromosome indicated the

existence of hybridism in the aphid. Suomalainen (1933) likewise dis-

agreed with the work previously done for he thought that the lagging
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chromosome divided transversely, a small portion of one end being

pinched off by the cytoplasmic constriction during the division of the

primary spermatocyte. However, he agreed with Morgan and others

that small secondary spermatocytes were formed which degenerated, and

that the lagging chromosome acted as a sex-determiner. Suomalainen

made no mention of Jeffrey's work.

My own work on Macrosiphum solanifolii is in direct opposition to

that of Jeffrey. In this species there is an unequal assortment of chro-

mosomes as the extra, unpaired, lagging chromosome goes wholly into

one of the secondary spermatocytes, resulting in this secondary sper-

matoevte having one more chromosome than the other. The cyto-

plasmic division of the primary spermatocytes is also unequal so that

secondary spermatocytes of two sizes are produced. The larger cells

have the greater number of chromosomes and develop into mature sper-

matozoa, while the small secondary spermatocytes degenerate.

The only point in which Suomalainen's results differ from mine is

that of the fate of the lagging chromosome. He states that it divides

transversely, a small piece of one end being left in the small secondary

spermatocyte. Suomalainen observed a small piece of darkly staining

material in the small secondary spermatocyte which he assumed to be

the pinched off end of the lagging chromosome. However, he was un-

certain of this for he states: "... allerdings ist es schwer mit absoluter

Sicherheit festzustellen, oh es wirklich ein Chromosom ist, da das Plasma

auch andere mit llamatoxylin sich dunkel farhendc Korper cnthalt."

In Macrosiphum solanifolii the small secondary spermatocytes contain

no structure than can be interpreted as the pinched off end of the lagging

chromosome.

Suomalainen states as further proof of the division of the lagging

chromosomes that the chromosomes of the second maturation division

are smaller than those of the tirst maturation division. The reduction

in size is presumably not a result of division, however, lor 1 find a sim-

ilar shrinkage in Macrosipliuin solanifolii and here 1 the lagging chromo-

some goes entirelv into the large cell and doo not divide.

In order to overcome the genetical consequents of the loss ot one

end of a chromosome, Suomalainen assumes that the end oi the lagging

chromosome is an
"
Kliminationchromosoin," by which he may mean

that it is inert, while the part that goes into the large cell is the active

part, that is, contains the genes. No active portion of the lagging chro-

mosome can be regularly pinched off to degenerate in the small second-

ary spermatocyte, for if the lagging chromosome lost one end during

meiosis there would be a deletion in the next generation. If this short-

ened chromosome again found its way into a male in the next gamic
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phase of the cycle, as it normally would in 50 per cent of the males pro-

duced, it would suffer a further deletion during the maturation of the

germ cells. \Yith a continuation of this process, which would he in-

evitahle in the normal chromosome cycle, the lagging X-chromosome
would eventually disappear.

There are two means by which such a loss could he avoided, by fu-

sion during fertilization of the large part of the X-chromosome fur-

nished by the spermatozoon with a small part of the same type of chro-

mosome which would be furnished by the egg, or by the regeneration of

the lost end during the parthogenetic phase. The fusion with the large

piece of the X-chromosome of a small piece of the same type of chro-

mosome during fertilization is improbable, for a study of the entire

chromosome cycle reveals no mechanism whereby such a small piece of

chromatin could be produced. Regeneration of inert chromatin may be

possible though that this could occur with chromatin containing active

genes seems unlikely, and it is unknown whether the end of the lagging
chromosome is active or inert. If regeneration of a part of a chro-

mosome can occur, Suomalainen's interpretation of the dividing X-
chromosome could be correct, otherwise it is questionable.

The conclusions resulting from this work are in complete accord

with the early work of Morgan (1908-1915), von Baehr (1908-1909)
and the more recent work of Schwartz (1932).

SUMMARY

In Macrosipluun solanifolii the male has nine chromosomes, while

the parthenogenetic female has ten chromosomes, the male lacking one

chromosome of the longest pair present in the female.

During the spermatogonial mitosis the nine chromosomes divide

equationally and none of the chromosomes lag.

Certain prophase configurations during spermatogenesis indicate a

strong possibility of crossing over.

Four pairs of chromosomes and one unpaired chromosome are visible

during diakinesis of the first maturation division in the male.

The unpaired chromosome is attracted to the equatorial plate along

with the bivalents at metaphase, differing in this respect from univalents

in hybrids.

The unpaired chromosome lags and becomes lengthened at anaphase
while the bivalents are being drawn to the poles, and remains extended

across the plane of division as much in one daughter cell as in the other

until just before the cytoplasmic constriction separates the two cells

completely, at which time the unpaired chromosome goes in its entirety
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into one of the cells. Thus of the two cells produced l>y the first di-

vision, one contains five chromosomes and the other contains four.

The cytoplasmic division of the primary spermatocyte is also un-

equal, as the greater proportion of the cytoplasm goes into the secondary

spermatocyte containing the five chromosomes. The secondary sper-

matocyte with only four chromosomes receives very little cytoplasm and

is about half the size of the other.

The large secondary spermatocytes with five chromosomes divide

again after a short interphase. The division is equal ional and none of

the chromosomes lag, so that each of the two cells refilling from this

division contains five chromosomes. These cells develop into spermatids

and eventually into mature, viable spermatozoa.

The small secondary spermatocytes with four chromosomes do not

divide- again and eventuallv degenerate.

The large and small secondary spermatocytes are present in equal

numbers after the first maturation division, which indicates that the di-

vision of every primary spermatocyte is unequal. After the second

maturation division the large cells, which at this time are developing

into spermatids, are twice as numerous as the small, degenerating cells.

The parthenogeiictic female has ten chromosomes. Only one polar

body is given off during maturation, and as the division is equational,

ten chromosomes go out with the polar body and ten remain in the egg.

A comparison of the somatic chromosomes of the male with those in

the parthenogenetic female shows that the male lacks one chromosome

of the longest pair present in the parthenogenetic female.

Gamic females were not available for this study, but on analogy with

other aphids they should contain ten chromosomes.

The conclusions resulting from this invesligalion support Morgan's

work on phylloxerans in opposition to that of Jeffrey and Suomalainen.
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INTRODUCTION

The prominent position of copepocls in the food cycle of the sea has

caused various investigators to study conditions influencing their pro-

duction in particular their food supply. Since previous observations

on the food relationships of copepods were meager and conflicting, a

--cries of experiments was initiated at the laboratory of the \\ oods Hole

Oceanographic Institution in an effort to throw light upon this problem

(Clarke and Gellis, 1935).
In their previous work these investigators obtained most satisfactory

results with Calanus fnniwrcJiicus. It was found that individuals pro-

vided with sea water which had been passed through filter paper lived

and moulted in large numbers, whereas other individuals, provided with

sea water from which all participate matter bad been removed by means

of a membrane filter, failed to moult and eventually died. Since the

copepods throve in water from which the larger constituents of the

phytoplankton chiefly diatoms had been removed, it was evident that

this species at least could live on the small pelagic organisms, or nanno-

plankton, and perhaps actually did so in nature.

The further experiments on Ccihnnis about to be described were

undertaken in order to test the whole question more thoroughly, and, it

was hoped, to ascertain at the same time which of the many components
of the nannoplankton are chiefly concerned. There exist in the sea

many bacteria, unicellular algse, and protozoans which are small enough
to pass through the pores of the rather coarse filter paper used (What-
man Xo. 12). Since bacteria were expected to hi- numerically most

abundant, we began our scrutiny of the nannoplankton by testing this

group as a possible source of food for Caluiius.

I M.NSION OK EXPERIMENT USING CONTI.NM <>i M.Y FLOWING MEDIA

In the first of the present experiments, it was proposed to control

more carefully than previously the bacterial population present in the

ril>iiti<>n No. 92, Woods Hole Oceanographic Institution.

308



FEEDING OF CALANUS FINMARCHICUS

flasks by using measured amounts of known strains of bacteria and by

keeping careful track of subsequent changes in the population. Using

the same method as Clarke and Gellis, continuously flowing media were

supplied to flasks in which copepods were confined. ( )ne flask received

water filtered through a Berkefeld cylinder of porosity W (which was

found to remove all bacteria and to be more convenient than the mem-

brane filter used previously). A second flask received Berkefeld-filtered

water which had been inoculated with a small amount of a mixed sus-

pension of three types of common marine bacteria. A third flask was

supplied with a large amount of the same bacteria in Berkefeld-filtered

water. At the end of four days bacterial counts showed that the first

flask did not remain sterile and the desired quantitative difference be-

tween the second and third flasks was not maintained. Since the bac-

terial population in the flasks was not satisfactorily controlled, a dif-

ferent procedure was obviously necessary, but the experiment was useful

in demonstrating the extreme rapidity with which the bacterial situation

can alter in culture flasks.

ATTEMPTS TO FREE COPEPODS OF BACTERIA

The difficulties cited above would have been avoided, had it been

possible to remove all bacteria from the copepods before commencing
the experiment. Attempts to wash the animals free of bacteria by pass-

ing through the flask in which they were confined about sixty liters of

water in eight hours resulted in a reduction of the bacterial count from

over 10,000 to under 10 per cc., provided the animals were transferred

to a fresh sterile flask twice during the washing period. Encouraged

by this great reduction, we constructed a special washing tube consisting

of a test tube (12.5 X 2.8 cm.) to the bottom of which was sealed an

elbow of small bore glass tubing (Fig. 1). A glass bead allowed water

to enter from below, but prevented the escape of any copepods when the

flow of water ceased. Sea water collected at about three hundred yards
from shore was passed through filter paper and then through the Berke-

feld filter. The continuous flow, which was maintained from the filter,

was divided into two parts each of which ran through a cooling coil and

then was introduced at the bottom of one of the special washing tubes

suspended in a water bath at 12 C. The upper end of the washing
tube was closed with a two-hole rubber stopper through which passed

(1) an outflow tube, the mouth of which was covered with bolting

cloth, and (2) a second tube containing a cotton plug, which was kept
closed until the end of a run, when it was used to equalize the pressure
in the washing tube with that of the atmosphere. The outflows of the
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two washing tubes joined and were connected by way of two carboys

to an aspirator which drew water through the whole system. A nega-

tive pressure of from 440 to 340 mm. of mercury as measured by a

manometer in the system was maintained during the washing. Tests

showed that this reduced pressure had no harmful effect upon the

copepods.

Filter, cooling coils, washing tubes, and nut How tubes were sterilized

Outflow K*b Pressixre Eau.aAlu.tion

(to aspLratar) Tu.bt

i

-Sc-

Inflow \ it be _
(from Kltcr)

GlaSi Be a J

Fir.. 1. Washing tube fur mum-inn bacteria from Calaniis.

in an autoclave. Twenty Cahtnus were- introduced into each tube and

washed for two or three hours with twenty liters of sea water. At the

end of the washing periods the animals were poured into flasks of sterile

water cooled to 12 C. This water had been passed through a Berke-

feld filter, and then heated in the Mask for thirty minutes at 90 C. Bac-

terial counts made on these flasks shortly after adding the copepods
amounted to from to 12 bacteria per cc. After standing overnight
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the counts rose to from 60 to 400 per cc. This concentration of bacteria

we believe to be negligible in so far as the nutritional needs of copepods

are concerned (see below).

THE AVAILABILITY OF BACTERIA IN HIGH CONCENTRATIONS AS FOOD

FOR CALANUS

Four lots of twenty animals each were washed daily by the method

described above. Two of these groups, No. la and Ib, were each

poured after washing into a 250-cc. flask containing 150 cc. of sterile

water prepared as described above. Lot No. 2 was placed in paper-

filtered sea water. Lot No. 3 was placed in water treated as for groups

la and Ib, but subsequently inoculated with a loopful of bacteria 2

scraped from an agar slant. A bacterial count was made on each flask

after the copepods had occupied it for approximately twenty hours.

The animals were then transferred to the washing tube by means of a

sterile wide-mouthed pipette. The copepods in all four groups were

subjected to equal manipulation which did not appear per se to cause

injury. A considerable number of animals were lost, however, by be-

ing caught on the sides of the tube during pouring. In reporting the

results of the experiment these animals are not considered (Table I).

The numbers of bacteria in these flasks varied considerably, but were

consistently very much smaller in flasks No. la and No. Ib than in

flasks No. 2 and No. 3. During the first nine days both flasks No. la

and No. Ib gave counts close to 500 per cc. Subsequently the counts

rose markedly to average between 2,000 and 4,000 bacteria per cc., and

on one day (forty hours after washing) were about 10,000 per cc. in

each flask. In flask No. 2 the counts ranged from 50,000 to 800,000 per

cc. and averaged 250,000. Bacterial counts in flask No. 3 fluctuated

from 300,000 to 1,500,000 per cc. with an average of 600,000. From

the nutritional point of view, flasks No. la and Ib may be considered

sterile because, as will be shown below (Table III), the relatively small

number of bacteria present would provide a negligible amount of nutri-

ment. The concentration of bacteria in flask No. 3 was many times

greater than has ever been found in the sea. In flask No. 2 small flagel-

lates were present also, but time did not permit a quantitative estimation

to be made.

The apparent paradox of the highest death rate occurring in the

flasks best supplied with food may possibly be explained by the fact

- These bacteria were contributed by Dr. Seltnan A. Waksman. They be-

longed to a common marine species listed as No. 18 in his collection.
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that in flask Xo. 2 six of tin- deaths (50 per cent) and in flask Xo. 3

two of the deaths (20 per cent) occurred during moulting, whereas in

flasks Xo. Id and ll> there were no indications of moulting. The cope-

pods in flasks Xo. 2 and 3 were apparently receiving enough food to

carry them to the moulting stage, but not enough to enable them to

pass this critical period. It is possible that in flask Xo. 3 Calanus did

not utilize the bacteria in suspension, but rather fed on the small amount

of solid matter unavoidably added with the inoculum. The starved

animals lived longer on the average than those with a little food, because

they did not grow, and did not attain any critical stage. Since in the

experiments of Clarke and (lellis Calanus moulted successfully when

TABLE I

Bacteria in high concentrations as food for Calanus. Percentage of animals living

after number of days indicated at left. Twenty animals at start.
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types of nannoplankton. I'or this purpose the animals were placed in

harbor water which had been passed through a graded series of filters

as indicated in Table 1 1 .

Duplicate groups
"
a

"
and

"
b

"
were first set up in each series with

twenty animals each. Some unknown factor, probably a contamination

of the harbor water, caused a large number of deaths on the second and

third days of the experiment. Consequently the copepods from each

pair were united in one container, and a new group
"

c
"

started in each

series. The toxic agent, however, probably influenced subsequent re-

sults, for the death rates in combined "
a
"
and

"
b
"

(hereafter called

"
ab") are in every case higher than those in the corresponding

"
c

'

groups. Excluding the first three days, group
"
ab

"
ran for fifteen

days and group
" c" for eleven clays. The animals, which were kept

in covered glass dishes set in a water bath at 15 C., were transferred

daily to clean containers of freshly prepared sea water. Samples of

water were centrifuged from time to time, and microscopical examina-

tions of the organisms thrown down were made.

In going from untreated water to water passed through finer and

finer filters one finds (Table II and Fig. 2) a consistent decrease in the

ability of Calanns not only to moult successfully but also to survive.

This is especially true if adults are disregarded, since they survived

equally well under all conditions of these experiments probably because

they have stopped growing and are no longer dependent upon a regular

food supply. It might be concluded from these results that Calanns

lives best on the larger planktonic forms diatoms, peridinians etc.

which were found abundantly in the harbor water, and which were held

back by the paper filters. Another interpretation is possible, however.

Microscopic examination of centrifuged samples of the paper-filtered

water revealed numbers of minute flagellated organisms, but there were

even more of these in similarly centrifuged samples of unfiltered water.

Evidently many of the smaller organisms were caught in the meshes

of the filter of each grade along with the larger ones with the result that

a purely qualitative separation according to size was not attained.

Therefore, it is impossible to judge from these results whether the differ-

ences between the welfare of the copepods in the several experiments

were due to quantitative differences in the supply of flagellates and other

small organisms, or to qualitative differences in the types of organisms

available. Since bacteria were abundant in all containers (Table II),

it is again clear that they are not an adequate food for Calanns.
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TABU-: II

Test as food for Cuhnms of microorganisms separated into various sizes.

Roman numerals refer to copepodid stages.

Series
No.
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( 1935) i>ii the basis of the oxygen consumption of a large luiinlier of

individuals, as 0.013 nit;, of carbohydrate or 0.005 nig. of fat. To
obtain an approximate idea of the volume of water which a stage V
Cdlunus would he required to filter to obtain this amount of nutriment,

we have estimated the food content of the different elements of the

phytoplankton and nannoplankton per unit volume of sea water at a

station occupied on July 5. l'M5. and located 7 miles south of the

entrance to Vineyard Sound a locality where Calanus occurred abund-

antly throughout the summer.

TABI.K III

Daily filtering requirement. Volume of water containing sufficient organisms of
certain types to supply the daily nutritive needs of a stage V Calanus fin marchicus.

Organisms
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of Buchanan and Kulmer (1928) were used for the bacteria. We have

found no published analyses of flagellate composition, and have con-

sidered it as similar to that of bacteria. Since these analyses were

based upon mixed plankton samples, the values assumed and the results

obtained (Table III) must be regarded as rough approximations only.

The volume of water has been calculated which would have to be filtered

if the copepod lived exclusively on one type of organism in the concen-

tration in which it existed at the station considered.

Up to the present time no measurements have been made to our knowl-

edge of the volume of water Calanus can effectively filter per day.
n

As measured from the drawings of Cannon (1928), the filtering surface

of the appendages has an area of 0.12 sq. mm. To filter in 24 hours

the minimum of 72 cc. of water (Table III) an average rate of flow

through the filter of 6.9 mm. per second would be required. Whether

this is a reasonable value in view of the fact that the appendages were

observed by Cannon to make 10 strokes per second is a matter for

speculation.

A direct measurement of the filtering rate was attempted in some

entirely preliminary experiments in which Calanus was allowed to
'

feed
"

for a certain number of hours in a suspension of carmine par-

ticles, the concentration of which was determined before and after the

feeding period. The suspension was made up in sea water and filtered

through absorbent cotton. The concentration of the fine particles re-

maining in suspension was measured with a hemacytometer. From 10

to 15 cc. of this suspension were placed in a small glass dish and cooled

to 12 C. in a water bath. Five specimens of Calanus were introduced

on a small lifter of bolting cloth. The amount of water added with the

animals caused no appreciable dilution of the carmine suspension. At

intervals the concentration of carmine particles remaining in suspension
was determined, and an examination made for fecal pellets containing

carmine. Such pellets remain intact and do not confuse the results.

A control maintained to check the effects of settling showed that carmine

is unsatisfactory for use over long periods, since it settles slowly, and

gradually goes into solution. For short periods, however, these effects

can be neglected without seriously affecting the results. We are search-

ing for a more satisfactory suspension with which to continue work.

The equation used to calculate the amount of water filtered over a

given period of time was derived as follows. Let : C - concentration

of particles in the suspension; V = volume of water per copepod; N
:! Harvey, Cooper, Lebour, and Russell (1935) report that "The copepod

Eurytemora hirundoides has been observed by Lucas (private communication) to

eat as many as 5,000 cells of the verv small diatom Nitsschia clostcrhim hourly, or

120,000 per day."
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-number of particles per copepod ;
//" = volume of water filtered per

copepod. Then :

dN = - dWC,

dN
dC

V

-dwc = y dc,

ir = y i,, -

c,

C, and L'.
2

indicate respectively the concentrations of particles at the

beginning and end of a period of observation. The amount of water

filtered in twenty-four hours has been calculated for one series of ex-

periments (Table IV). The discrepancy between the value calculated

after approximately six hours, and that calculated on the ba>is ot longer

periods is probably due to the fact that errors in counting have a greater

effect on the results when the reduction of particle concentration is small.

TABLE IV

Filtering rate of Calanus. In each experiment 5 stage Y Calanus were placed
in 20 cc. of carmine suspension.
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the filtering ability of copepods will prove valuable when perfected.

The figures do show, however, that the bacteria would have to be many
times more concentrated than they have ever been found in the sea in

order for enough of them to exist in a volume of water which a copepod
could reasonably be expected to filter in a day. This conclusion together

with the results of the feeding experiments described above seems

definitely to rule the bacteria out as a source of food for Calanus.

If copepods feed on diatoms the filtering of a smaller amount of

water would be necessary, according to our results, than would be the

case if
"

flagellates
"
were used provided that the number of flagellates

in sea water has been correctly estimated. The total volume of the

small, delicate, and easily destroyed species in the nannoplankton may
turn out to be greater than supposed when adequate methods for their

quantitative enumeration have been developed.

There is no doubt that the ratio of diatoms to copepods in the water

is sufficiently great to meet the nutritional needs of Calanus if they are

suitable for food and sufficiently concentrated. At the station considered

only one Calanus was caught for each 28 liters of water theoretically

strained by the net. Even though other organisms compete for the

same food the potential supply would seem adequate since the rapid

reproduction of the phytoplankton during periods of activity is well

known.

The fact that food organisms are not evenly distributed either

spatially or chronologically must also be considered. Calanus appears
to be adapted for prolonged periods without food, since individuals in

our experiments lived for nearly three weeks under starvation conditions.

We have calculated the theoretical time of survival of Calanus assuming
that metabolism continues at a normal rate under conditions of starva-

tion, and that the total fat content is available as a reserve source of

food. The average weight of fat per stage V Calanus in August in

Loch Fyne is 0.094 nig. (Orr, 1934). Since the daily nutritional re-

quirement of each animal is 0.005 ing. of fat (Marshall, Nicholls, and

Orr, 1935), the fat reserve would last nineteen days. In early May the

fat content per individual averages 0.026 mg., while the nutritional re-

quirement is 0.003 mg. This represents a nine-day reserve. These

calculations compare favorably with the results of our experiments when
individual differences between animals are considered.

Before summarizing we wish to point out the gaps in our knowl-

edge of the nutrition of Calanus, gaps which must be filled before a

complete quantitative discussion can be given. We do not yet know the

exact types of organisms utilized by Calanus, nor the factors influencing

the proportion of each type in its diet. Data concerning the chemical
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composition of separate elements of the plankton are very meager, since

analyses have been made mi mixed catches, part of which may be un-

available for a particular species of animal. The effect of starvation

upon the metabolic rate of Calanus, and the effect of environmental

condition upon the filtering rate of this copepod are also unknown.

SUMMARY

Calanus which had been rendered practically sterile by a system of

washing failed to moult when placed in sterile Berkefeld-filtered sea

water but remained alive for about two weeks. The introduction of

bacteria even in high concentration did not enable the copepods to moult.

Rough calculations indicate that the concentration of bacteria in the sea

is much too low to satisfy the nutritional needs of Calanus.

Calanus was found to live and moult in sea water from which the

larger planktonic organisms had been removed by a paper filter, al-

though it throve better in unfiltered water. \Yhether this difference was

caused by qualitative or quantitative differences in the food supply has

not yet been determined.

Preliminary measurements on the rate of filtration of Calanus gave
a result less than that calculated to be necessary for the copepod to ob-

tain sufficient food if diatoms and peridinians are the sole source of

supply. Since bacteria cannot be regarded as an important source of

food, the other small and little known elements of the nannoplankton
should be scrutinized, as their abundance in the sea may be greater than

previously supposed.
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THE BUFFERING POWERS OF NATURAL AND D1ALYSED
HELIX l>< )MATIA SERUM

KATHLEEN GODWIN TKUKOUX

(/roiii the Physiology Laboratory, Cambridge, and the Department of Zoology,
McGlU University, Montreal}

Redfield et al. have shown (1929) that the buffering power of re-

duced hemocyanin of Lnnnltis is increased in the presence of salts below

pH 8.0, at the expense of the buffering power between pi I 8.0 and pH
9.0. The resultant increase in the effectiveness of hemocyanin as a

buffer in the physiological range amounts to about 40 p.c. The present

experiments indicate a similar effect of salts on the oxyhemocyanin of

Hch.\' pomatia. Attempts were made to obtain crystals of hemocyanin

by dialysis, following Dhere's method (1
( H8) but in many attempts

crystals were obtained twice only, and then in insufficient amount for

the experiments. The hemocyanin was therefore purified by shaking
the serum with chloroform, which precipitates a small amount of pre-

sumably protein material, but leaves the hemocyanin in solution, fol-

lowed by dialysis of the filtrate to remove diffusible impurities. A
comparison of the buffering powers of serum so treated with those of

natural serum gives results qualitatively comparable with those of

Redfield et al.

METHODS

Serum

Active Hcli.\- poiiiatia were used. Each batch of snails was bled

after two days starvation by pericardial and heart incision. To avoid

contamination with slime from the foot glands, a large aperture was
made in the shell above the heart region, with a bridge of shell left

between this and the shell margin. By holding a cloth over the natural

shell opening, serum uncontaminated with slime was obtained. For
titration curves on fresh serum, the blood was filtered and kept at 0-
2 C. until used, which was always within forty-eight hours of its

drawing. The blood for the experiments on purified hemocyanin was

filtered, shaken up with chloroform, again filtered, and dialysed against
distilled water at 0-2 C. until the chloride test was negative. Before

carrying out the experiments, the sample was repeatedly evacuated and

brought into equilibrium with air.

321
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Chloride Determinations

The chloride determinations were carried out by the method of Van

Slyke (1923) on duplicate 3 cc. samples of blood. The concentration

of chloride varied from 71.5 to 85.0 milliequivalents per liter, although

the samples were made up of, and therefore averaged, the sera of 20 to

200 snails. Duval (1930) found the chloride content, calculated as

NaCl, of Helix pomatia blood when the animals were active to be 3.60-

4.75 gm. per liter, i.e., 6181 milliequivalents, values close to those found

in the present experiments. During hibernation, and during dry sum-

mer weather, when the animals have retreated into their shells, higher

Cl concentrations occur.

Copper Determinations

The Cu content of the samples of dialysed and untreated serum was

determined by N. W. Pirie, of the Biochemical Laboratory, Cambridge.
The method (Pirie, 1931) depends on the catalysis by Cu of the oxida-

tion of cysteine in the presence of H 2O 2 . The accuracy is to about 3

p.c. with the concentrations of Cu found, 0.086-0.10 mgm. per cc. in

the fresh serum. Dhere and Burclel (Burdel, 1922) found Cu concen-

trations of 0.065-0.075 mgm. per cc. in the blood of hibernating Hcli.v

pomatia.

Titration Curves

Titration of the samples was carried out as previously described

(Terroux, 1931) in the cup of the glass electrode vessel. Carefully

standardised HC1 or NaOH was added from standard 1 cc. burettes,

fitted with finely drawn out glass tips to facilitate the accurate addition

of small amounts of reagent. Two 0.5 cc. portions of each sample
were used for a titration curve, to one of which base was added, to the

other acid.

/>// Determinations

The pH of the initial sample, and the pll after each successive addi-

tion of HC1 or NaOH, were determined at 21 C, after the mixture

had reached equilibrium. The glass electrode apparatus described by

Kerridge (1926) was used, with 3.5 N KC1 in the calomel electrodes

and for the liquid junction with the experimental solution. Moisture

leaks over the surface of the glass electrode were obviated by working
at about two degrees above room temperature, a procedure which does

away with the necessity of using paraffin oil for insulation. With

titration curves carried out in the cup of the electrode in this way, the

same KC1 contact must be used during a whole series of acid or base

additions. That possible diffusion of KC1 does not affect the accuracy
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of the determinations has heen checked hy the author in previous ex-

periments (Pirie and Godwin Pinhey, 1929). Each glass electrode

vessel was calibrated against a series of buffers covering the pH range

under investigation, and the buffers checked by hydrogen electrode

determinations. Before and after each run, the glass electrode vessel

FIG. 1. Titration curves of dialysed serum; solid circle, May 20; open circle,

July 23.

was checked against M/20 acid potassium phthalate, which has a pH
of 3.97, and against phosphate buffer at pH 8.2. With titration curves

carried out as described, each point on the curve represents a single

pH determination.
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FIG. 2. Titration curves of natural serum. Open circle, July 8, 0.086 mgm.
Cu per cc. sample. Triangle, July 21, 0.09 mgm. Cu per cc. sample. Solid circle,

July 29, 0.10 mgm. Cu per cc. sample.
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The results of the experiments are given in the figures below. For

comparison, all curves are drawn on a basis of 0.1 mgm. Cu content.

For the dialysed serum (Fig. 1) the buffering powers of the two samples

(calculated to the same Cu and therefore the same hemocyanin con-

o
X
en

"3

S

FIG. 3. Comparison of titration curves of dialysed and natural serum and test

of repeatability of determinations. Solid circle, July 23, dialysed serum. Square,

July 28, natural serum. Open circle, July 29, same serum as July 28.

tent) agree fairly closely, indicating that the only substance concerned

in the buffering is the oxyhemocyanin. The natural serum curves fall

into two groups when plotted on the 0.1 mgm. Cu basis. The curves
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for the samples containing 0.1 and 0.09 mgm. Cu per cc. coincide. The
chloride contents were respectively 85 and 80 milliequivalents Cl per

liter. The curve for the sample containing 0.086 mgm. Cu and 71.5

milliequivalents Cl apparently has a higher buffering power, as shown

by the increased steepness of the titration curve (Fig. 2). This may

25.0

20.0

I'M;. 4. r.ufiYrinu P\V(.TS of natural and dialysi-d si-rum. Open circle, natural

serum, 0.086 mgm. Cu per cc. sample. Square, natural serum, 0.09 and 0.10 mgm.
Cu per cc. sample. Solid circle, dialysed serum May 20. Triangle, dialysed serum

July 23.

possibly be due to a higher carbonate content, as Duval (1929) has

shown that dilution of the blnnd in the living animal results in a low-

ering of the Cl concentration, but an increased CO., content. In Fig. 3,

the titration curve of dialysed serum is compared with that of un-

dialysed. The two lower curves in this figure are from results on the

same sample of serum on two successive days to test the repeatibility

of the observations.

The buffering power of a solution is expressed by the equation

dB
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( Van Slyke et al., 1922). For unit change in pll, ft therefore is the

amount of acid or base required to effect this change. The titration

curves above give the buffering power of the hemocyanin containing

solutions in terms of 0.1 mgm. Cu per cc. and 10 3 millimols acid or

base. The slopes of these curves have been determined at intervals of

0.25 pH, and the results plotted in Fig. 4. The figure shows the higher

buffering power of the serum containing 0.086 mgm. Cu per cc., but the

correspondence of the shapes of the curves and the points of minimal

and maximal buffering show that for all three samples of fresh serum

the same buffering systems are involved.

15.0

X
"o

10.0

FIG. 5. Buffering power of Roche hemocyanin (represented by solid circle) ;

of dialysed oxygenated serum May 2 (represented by cross) ;
and of dialysed

oxygenated serum July 23 (represented by triangle).

DISCUSSION

The chloroform-treated, dialysed solutions used in the experiments

were not pure isoelectric oxyhemocyanin in solution, since the pH's of

the two preparations were 6.82 and 6.34, and Hcli.\- poniatia hemocyanin
has been shown to have an isoelectric point of 5.2-5.3 (Tiselius, quoted

from Roche, 1931, and Stedman and Stedman, 1927). Proteins in the

blood other than hemocyanin might be expected to exert a buffer effect,

and would not be removed by dialysis. Cuenot (1892) found that in

Hcli.v blood there were no proteins precipitated by acetic, as in the case

of crustacean and cephalopod blood, and further that all the protein
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coagulable 1>y heat was precipitated at one temperature. 69 C. He con-

cluded that there was present only one albuminoid, the hemocyanin.
The concentration in the solutions of buffering substances other than

hemocyanin can be estimated by a comparison of the buffering powers
of the solutions used with that of a solution of pure isolectric hemo-

cyanin. Roche (1931) has published a titratiou curve of such a solu-

tion of hemocyanin in which the nitrogen content was 78.9 mgm. His

method was the same as that used in the present experiments, in that

he added either HC1 or XaOH to portions of the solution to obtain his

curve. The pH was determined by the hydrogen electrode, so that

presumably his findings are referable to reduced hemocyanin. After

redrawing his published curve on a larger scale, the slope was determined

at intervals of 0.25 pH. Roche has elsewhere (1933) published analy-

ses of crystalline Helix pomatia hemocyanin. and gives a table averaging

his result* with those of Hernler and Philippi ( 1930). The X content

is 15.14 p.c.. the Cu content 0.250 p.c. Using these figures, Roche's

buffering powers and those of my samples were calculated in terms of

millimols X 10~ 3 acid or base and 0.1 mgm. Cu per cc., and plotted ir.

Fig. 5. Although the two curves do not coincide, both show a minimum
in buffering power between pH 5.5 and pH 6.0. a local maximum be-

tween pH 8.0 and 9.0. followed by a second minimum between pi I S.75

and 9.25. Moreover, the total buffer values are very close for the two

curves. There can accordingly be present no considerable amount of

buffer substance effective in the physiological range other than hemo-

cyanin, so that the buffering power of the purified solutions dealt with

can be considered close to that of pure oxyhemocyanin. From both

Roche's curve and that resulting from the above experiments it appears
that buffering due to hemocyanin is at a minimum at pll 5.5-5.75. on

the alkaline side of the isoelectric point.

Roche deduces from his curve that hemocyanin behaves on the al-

kaline side of its isoelectric point as a polyvalent acid with two pK's,

one between 7.1 and X.S. and one at about pi I 10.5. The maximum

efficiency of a buffer is at that pH where equal amounts of the buffer

are in the forms of the free acid and its alkaline salt, that is, when the

pH of the solution equals the pK of the buffer. The pK can therefore

be found by a determination of the point of maximum buffering.

Koche's material gives a pK at 8.6. The corresponding pK of the

present material (assuming that it is due to oxyhemocyanin oiilv) ap-

pears to be lower, at about pll S.2. Kcrridge (1926) working on

Mala blood, found that tin- maximum buffering of CXX by reduced blood

wa^ at pi I 6.39, of the same blood oxygenated, at pll 6.205. Oxygen-
ation had decreased the maximum bv 0.1S5 pll units, a shift that
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Kerridge accounts for by the fact that oxyhemocyanin is a stronger

acid than reduced hemocyanin, and so competes more efficiently with

CCX for the available base. A similar effect of oxygenation could ac-

count for the difference between the pH of maximum buffering, or pK
of my solutions and that of Roche's reduced hemocyanin.

The interpretation of the role of hemocyanin in the buffering of

the natural blood is more complicated. Unlike Limulus, where the

blood contains only a trace of carbonate (Redfield et al., 1929) when

the CCX pressure is reduced to zero, Helix blood from active animals

has been shown to contain as much as 50 vols. p.c. CCX when the ten-

sion of this gas is zero (Nitzescu and Cosma, 1927). The high CO2

content has been confirmed and extended by Duval (1930). who finds

that in Helix pomatia when active there is an increase in the blood

volume, correlated with a decrease in the chloride concentration and

increase in the percentage of CO 2 . Duval further finds that the total

ionic concentration of the blood, as measured by the depression of the

freezing point, can be accounted for by the sum of the depressions due

to the chlorides and carbonates present. Phosphates occur only in a

concentration of 1.9-3.0 mgm. inorganic phosphorus per liter (Duval
and Portier, 1928). If the concentration of the chlorides and CCX

compounds can account for the total freezing point depression, other

substances of low molecular weight present must be in quantities suf-

ficiently minute to be negligible in considering the total buffer action of

the blood. The non-protein nitrogenous compounds present cannot have

any appreciable buffer action. The blood of Helix pomatia contains

only 0.11 gm. per liter non-protein X (Delaunay, 1912). about the same

concentration as in Liiinilns, in which Redfield et al. (1929) found 0.12

gm. N non-coagulable by heat per liter blood. If, as Cuenot concluded,

and a comparison with Roche's results indicates, the only protein present

in the blood in significant quantity is hemocyanin, the buffering action of

the blood must be accounted for by the carbonates and hemocyanin

present.

Figures for the CO 2 content of Helix pomatia blood in equilibrium

with air are given by Duval. For active snails, with chloride concen-

trations of 3.744.75 gm. NaCl per liter, the CCX content of the blood

was 47.5-61.0 vols. per cent, an average of 54.4 vols., or 0.0243 mil-

limols per cc. Since the chloride concentration of the natural blood in

the present experiments was about the same, 71.5-85.0 milliequivalents

per liter, as compared with 61-81 in Duval's experiments, a calculation

of the buffering due to the CCX based on his figures should give an

approximation of the extent of buffering to be expected from the CCX
in the present samples. The Cu content of the samples was 0.10, 0.086.
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0.09 mgm. per cc.. so that the curves calculated for 0. 10 mgm. Cu may
be taken to represent the buffering of 1 cc. blood. The ]>ll of the

freshly drawn blood was 7.8-7.9. Peters and \"an Slyke (1931) give

a table of the percentage of CO 2 which will he present as carbonic acid,

bicarbonate, and carbonate at pH 7.8, the pi I of Hcli.r blood. Accord-

ing to their figures 2 per cent will be carbonic acid. 1 per cent carbonate,

and the rest bicarbonate. In changing to a pi I ot 7.0. the percentage

increase in carbonic acid can be calculated from the equation

[H,CO,] 1

[CO,] 1+A."

\H-}

to be from 2 to 11 per cent, or an increase of 9 per cent. This means

that 0.0022 millimols bicarbonate will be converted into carbonic acid,

a conversion requiring 2.2) !()" millimols acid. Hut the sample of

serum containing 0.1 mgm. C'n per cc. required 11.25 ) ;
10~ 3 millimols

to effect a similar change in pi I. It is evident that the bicarbonates in

themselves cannot account for more than about 20 per cent ot the total

buffer action of the blood. Further, if the CO., compounds were exert-

ing the major buffer effect, the maximum found for the blood at pH
7.5 would be inexplicable, since the maximum buffering of a bicarbon-

ate-carbonic acid buffer i> at pi 1 n.l.

Comparison of the buffer curves in Fig. 4 shows the greater buffer-

ing power of the untreated blood. The buffering is not only greater

over the whole range investigated for solutions containing the same

amount of hemocyanin as in the dialysed preparations, but the pi I at

which maximum buffering occurs is at 7.5 tor the natural blood, at pi I

8.2 in the purified solutions. The only buffer substances found in any

quantity in the blood art' hemocyanin and bicarbonates. The sum of the

independent buffering of these two cannot account for the total buffer

action of the blood. This and the shift in the pi I of maximum buffer-

ing must then be attributed to alterations in the buttering power of the

hemocyanin brought about in the presence of diffusible substances of

which those present in predominant concentration are the chlorides.

Sr.M MARY

1 ">in^ the glass electrode for pi I determinations titration curves of

oxygenated fresh and dialysed Ilcli.v pontatia blood were determined.

From the slopes of these curves, buffering power was determined at

interval^ of O.25 pi I. and curves of the buffering powers drawn over the

range pi f 3.5-9.5
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The fresh blond has a higher buffering power over the whole range,

the difference becoming most marked at pi I 7.5, where the curve for.

the blood shows a local maximum buffering. A similar maximum for

the dialysed blood occurs at pH 8.2.

The bicarbonates present can account for about 20 per cent of the

total buffering of the blood. Evidence is given that the remaining 80

per cent of the buffering is attributable to hemocyanin, and that the

buffering power of the hemocyanin is augmented by the presence of

salts.
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SEX INVERSION IX TKKKIX) NAVALIS AND ITS

RELATION TO SEX RATIOS

B. H. GRAVP: AND JAY SMITH

(From the Marine Biological Laboratory. U'oods Hole, and DcPam^ University)

In two important papers on the sexual cycle in Teredo iiai'dlis. Coe

(1933 and 1934) has undertaken, among oilier things, to explain the

observed predominance of females over males in adult life. This excess

of females over males has been reported by various investigators to be

as high as (

'7 per cent to 99.7 per cent ( Xelson. l

{ >22 . Professor Coe.

on the other hand, finds himself in practical agreement with (Juatrefages

(1849). who recorded observation of S/> per cent males in '/'credo nor-

I'cglcns. From various data, direct and indirect. Coe has concluded that

tin-re are 9 per cent males in adult populations of Teredo mn'alis after

the middle of the breeding season. Me believes, in other words, that

approximately 10 per cent of all individuals remain permanently males.

These he calls "true males." The others an- considered to be pro-

tandric females so that the adult population would ultimately appear to

be 90 per cent females.

A reinvestigation of sex ratios in the shipworm. I eredo navalis,

an account of which is given in this paper, has therefore been made in

response to the conclusion reached bv Coe (1
( >33) that temales in this

and other species of shipworm greatly outnumber the males. This con-

clusion or generalization forms the background and foundation oi his

theorv of protandrv. as applied to this species, which, stated briefly, as-

sumes that all young teredos develop first a male phase during which

the gonads produce- functional sperm. This is followed promptly by a

female phase which, according to the theory as first enunciated, persists

during the remainder of the life of the individual. This theory, and

especial!}' its implications, are so definitely in conflict with observations

of sex ratios in 1 eredo published by the senior author oi ibis paper

(Crave. l''2S) that a reinvestigation was undertaken during the summer

of ]')35; particular attention being given to full-grown individuals which.

in accordance with Coe's thcorv. should ultimately be ()() per cent lemales.

In a later'note in Seienee ( 1
( M4) Coe indicates that at the beginning

of the second spawning season there max be a second male phase similar

to the lirsj. but that it also is brief in duration and affects only tin- oldest

individuals of the preceding season which have already passed through

332
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male and female phases. The reorganization of the gonacls of this con-

siderahle group of young shipworms during the winter and early spring
serves to increase greatly the ratio of males to females so that at the

opening of the breeding season it is estimated to be four or more males

to one female in the whole population. Most of these presumably trans-

form into females again early in the second spawning season. He there-

fore concludes there is a great preponderance of females over males in

adult life. His data show that this change from the male to the female

phase takes place mainly during late May and early June so that the

sex ratio is reversed at the opening of the second breeding season, the

females predominating in a ratio of forty-eight males to one hundred

females (Coe, Table I, 1933).
( )ur observations are not in opposition to Coe's conclusion that there

is an early male phase but to the second stipulation that the female phase
which follows persists during the entire adult life of the individual with

the exception noted. This is, in fact, a necessary or fundamental postu-
late to account for the supposed great preponderance of females over

males in adult life. As we understand his argument, this is one of the

chief facts to be accounted for by any theory and constitutes the back-

ground of the theory of protandry as applied to this species, particularly

in the first article (Coe, 1933). We find, on the contrary, that sex

inversion continues to occur throughout the life of an individual and

that in any shipworm population of adult animals there is no such sig-

nificant difference in numbers of males and females. The problem at

issue, therefore, is whether or not protandry is the correct term to apply
to the sexual cycle of Teredo and whether as a consequence the adults

are nearly all female or whether the sexes are more nearly equal in

number.

A second purpose of our present study was an investigation of sex

inversion in Mollusca in general, which has received considerable atten-

tion in recent years beginning with a paper on Crcpidula by Gould

(1917). A sufficiently extensive study of the peculiar hermaphroditism
which occurs in various species of mollusk should throw light on the

problem of the determination or differentiation of sex as influenced by
environmental and heredity factors.

SEX RATIOS IN TEREDO

A male mav be defined, for the purposes of this study, as an indi-

vidual which is producing active sperm in abundance and which, for

the time being, is not liberating fertilixable eggs. In addition to such

males there are a few (not rare) adult individuals which are hermaphro-
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ditic in that they are carrying embryos in their brood pouches in various

stages of development and which at the same time are producing active

spermatozoa. In some of these, both eggs and spermatozoa intermingle

in the lobules and ducts of the gonacls. (See Figs. 3 and 4. ) These in-

dividuals are, for the time being at least, truly hermaphroditic and pro-

vide every condition requisite to self-fertilization. A very few individ-

uals are producing neither eggs nor spermatozoa, the gonacls being empty
and apparently collapsed or

"
spawned out." These are designated in

the table as not spawning. They may be found at the height of the

TABLE I

Sex ratios in Teredo naialis

Date of
collection
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(Fig. 1.) Coo estimates them at approximately 10 per cent of the

population.

Table I contains the results of examinations of living animals made

(hiring the present summer according to the above classification. It

should be noted that the column labelled
"
males

"
includes, besides true

males, many whose gonads contain ovocytes in various stages of develop-

ment, and varying in number from a few scattered ovocytes to a com-

plete layer of them in the epithelial wall of the lobules of the gonad.

A male, according to this classification, as stated above, is an individual

which is liberating abundant active spermatozoa and no eggs. In the

same way some individuals classed as females in the table have a few

or numerous spermatogonia among the ovocytes but are not for the time

being shedding active spermatozoa. In these individuals either the male

or the female phase is predominating to the exclusion of the other.

The teredos which were examined this summer were all taken from

timbers placed in the water between August 1 and August 10, 1934.

Those marked
"
General Population

"
were taken from crates made of

1 ! ( 3" boards and were crowded and relatively small. Those marked
"
Large Specimens

"
were taken from 2 X 4" stakes and were large in-

dividuals, having grown under good conditions. They may be consid-

ered adults ten or more months old. The point of importance is that we
are dealing with adult animals of the second season and not with young
animals.

The tabulated data show that males may increase in number rather

than decrease during the course of a breeding season and in no sense do

they decrease to the vanishing point or to 10 per cent as required by the

theory of protandry. No young teredos of the present season are in-

cluded in this study but only those that entered the wood last year.

Tabulations of the ratios of the sexes made in former years (1923,

1924, and 1925) from which representative data were published (Grave,

1928), show also a preponderance of females over males but not to an

extent such as has been frequently reported. A high ratio of males pre-

vails whether large individuals are selected or whether the entire popula-

tion is considered. Moreover, except in June when females are rela-

tively abundant, the ratio of the sexes remains nearly the same through-

out the breeding season but with a definite increase toward maleness.

The conclusion is, therefore, warranted that both in the general popula-

tion and in adult individuals the sex ratio of Teredo at Woods Hole is

not less than 30 and may be as high as 50 per cent males.
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SKX INVERSION IN TKRKDO

A bisexual condition ol the gonads of various gasteropods ami

lamellibranchs has been observed by several investigators and it is gen-

erally believed that it is not a permanent condition but rather that the

same individual may function as a male at one time and later become a

female. This inversion of the sexes may take place several times during
the lifetime of an individual as, for example, in the California oyster,

Ostrca lurida (Coe, 1933). During the period of change of sex in

Teredo the gonad appears hermaphroditic and sometimes contains active

spermatozoa and fertilizable eggs as well as developing ovocytes and

spermatogonia. This condition of true hermaphroditism has frequently
been observed to obtain in Teredo for a short period just at the time of

change from the male to the female phase and from the female to the

male phase. Usually, however, one sex predominates and although both

ovocytes and spermatogonia may be present, only one is maturing intn

functional gametes. Sections of a large number of teredos, therefore,

show all gradations between malcness and femaleness and some that

appear to be entirely male or entirely female. We, in fact, have found

every type of gonad described by Coe and some even more convincing

cases proving inversion of the sexes. These special cases are described

below.

A careful study of adult individuals leads us to doubt if there is such

a thing as a true male or a true female Teredo in the sense that it re-

mains permanently one sex, as postulated by Coe, who agrees that sex

inversion in true males may ultimately take place (Coe, 1933). It is

evident from these studies that full-grown teredos show the same sex

inversion that Coe has recognized in the younger animals. We believe

the condition in Teredo is strictly comparable to that he described for

the California oyster and to the snail, Vah'cta tricannala (Furrow,
1

(

'35), rather than that of Crepiduhi in which an early male' phase is

apparently followed by a permanent female phase.

There is abundant evidence that a female Teredo may spawn two or

three times and then rapidly change to a functional male. Several fully-

grown individuals which were carrying both veliger larvae and cleaving

IMG. 1. Section of the gonad of an individual in the male phase. Spermatozoa
and spcrmatogonia abundant. Little, if any, trace of ovocytes visible.

Fie. 2. Section of the gonad of an individual in the female phase. The small

nuclei which surround the eggs belong to nurse cells. There arc fe\v it any

spermatogonia in this gonad at this time.

KM;. 3. Section of an hermaphroditic gonad. Tt is changing from the female

phase to the male phase. The walls of the lobules are composed ol" proliferating

spermatogonia and the cavities arc Idled with spermatozoa and free ovocytes.

This gonad is in the active male phase, and after the last of the ovocytes have

passed to the exterior it will appear to be wholly male.
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CKK-S m their brood pouches we're at the same time producing active

spermatozoa. The s^onads of these individuals, when sectioned and

stained, were >rrn to he functional tesu-s with little trace of ovocytes

remaining. These several examples of this tvpe are sufficient to prove

that there is >cx inversion in adults from female to male. ( Hher cases

were fre<|uentlv observed in which the lohule> and ducts of the ij'onads

contained tree ovocytes with germinal vesicle intact while the walls ot

the lobule counted of spermatogonia and spermatids. At the >anu-

time there- were abundant >])ermato/oa I ree in the lumen surrounding

the eggs, i I'i.u. -V) That is. of course, a trulv hermaphroditic condi-

tion, but since there are no lar^c ovocvtes in the wall ot the lobules it

is evident that tin- male phase is in the process of establishment from an

antecedent female phase. Kii^ure 4 shows the reverse condition in which

o\ulation is beginning while the lumina ot the lobules ot the i;< mad arc-

still tilled with >permato/oa. The last of the spermatogonia and sper

matids are disappearing. These examples indicate. 1 that the functional

change is accomplished rapidlv because, in the first ca>c. cleaving ci^s

in the brood pouches indicate their recent arrival there, yet the uonad

had alrcadv become exclusively male. There is abundant evidence also

that the hermaphroditic condition in some individuals is ot short dura-

tion and that dominance of the male 1 or lemale condition is the rule.

Relatively few individuals are extruding both e^s and spermato/oa

at the same time. There may be some' trulv hermaphroditic individual-

but it appear^ more likely a temporarv transitory condition ol brie!

duration. The spawned out
"

condition in which no gametes are vis-

ible in teased preparations o| gonads, when not caused b\ parasites, is

apparently a transition sta^e between sexual phases.

Ki^ure 4 and possihlv Ki^. 5 represent types ot gonads m xvhich the

male jibase is coming to a close. Tin- ovocytes in tlu- lattc-r are still

small though abundant; Ki^. (> shows a condition in which the male

phase is active in that tin- wall is composed largely ot spermatogonia and

spermatids while the lumen is lilted with spermato/oa. A tew scattered.

half-grown ovocytes are seen in the wall which will presumably replace

the spermatogonia. Thev probablv remain quiescent during the active

male phase. Ki^ure 1 represents the mail 1

phase in which no OVOCytes

l-'h.. 4. Section 'if an hermaphroditic gmiad uliii-li is cliaiiL;in- I'nnn tlu- male

phase to tin- iVmalr ]>liasc. Tin- liiim-n of tlu- ln'mlr, >!HI\VM in tlu- plioiui;r;ipli. i-

iilli-il uiih S]K nnai(./(.;i and a i\-u dividin.u -

pcrnialn.iii mi;i are \i-.ilile ln-lwccn

developing i>\<cytes. 'I In- mali- pliasc is almost completed.
l'i'. . 5 and (> arc srcticnis ..i ti.mads in tlic acti\c male phase. The himina

"I ih' lobules arc filled with >pi
> nnali >/< >a and the walls contain dividing sper-

iid sjitTinati'i-yU's. Small scattered nvocytes arc visible in the wall

I" the ti-niad and tin e, pn nm; hly. will ultimately replace the spermatogonia and

traiisiorni tin- '_j'>nad intu an nvarv.
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appear; Fig. 2 represents ilu- female phase in which few or no spermato-

gonia can be certainly identified l)iit presumably potential spermatogonia

exist. Tbey are. in fact, often clearly visible between tbe ovocytes of

so-called females. It should be explained tliat tbe small nuclei which

surround tin- eggs are not spermatogonia but belong to a cborion of

nurse cells. Thcv are much smaller than those of spermatogonia and

apparently have no sigmiicance for this stndv.

I )iscrssio.\ OK TIIK FNTIKK l.n-i CYCLE

\\"e have not studied the very young teredos sufficiently to have- a

complete knowledge of all tin- details of this period of development.
It appears, however, both from extended studv of living animals and

sections that an early male phase is dominant and characteristic a> re-

ported bv ( or i 1 '>.>.}. but this phase is of .short duration. From the

littb to the sixth week alter metamorphosis most individuals an- in the

active male phase but by tbe end of six weeks or two months many have

transformed into functional females and have extruded considerable

quantities of eggs as .shown bv the presence of embrvos in the brood

pouches. Although the male phase is normally of short duration and

easily overlooked, there is reason to believe that some individuals be-

come temales without parsing through the preliminary male phase.

This applies particularlv to those not verv numerous individuals that

extrude fertili/able eggs at sj\ \\eeks of age and are therefore among the

firsl 1" -pawn.

It is apparent from our Mudv of later stages that the female phase
is ot considerable duration. It normallv covers a period o| two or

three months and includes two or three successive spawnings at monthly
intervals. This female phase is in turn frequently followed bv a second

male phase which apparently persists to the end ol the life- of the indi-

vidual. There is no apparent reason why there should not be a second

temale phase lollowing upon the second male phase except that the

duration ot hie of this species is from 12 to 15 months, which means

that there are t\vo spawning seasons at most. The noticeable increase

in tin- ratio of males to females toward the end of adult life as shown bv

I able I. indicates that this sex inversion from female to male is taking

place most actively Irom the middle to the end ol the second breeding
-ea-oii (Julv and August I. The sexual life cvcle of these individuals

would therefore be represented by: male- female-male. It is known
Irom previous studies of Teredo (

< irave, 192S) that voting individuals

which develop from eggs spawned late in the breeding season do not

M! maturitv until the following summer. These individuals
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have a single breeding season and their life cycle is represented by
nude- female.

The sexual cycle of individuals which become females without a pre-

liminary male phase is not known because of the difficulty of distinguish-

ing them from others of the population.

We have not had opportunity to verify Coe's evidence that indi-

viduals which pass through both a male and a female phase during the

first season may become functional males at the opening of the second

breeding season. (Coe, 1934.) These are no doubt among the large

group that changes from male to female early in June and thus effec-

tively reverses the sex ratio from greatly predominant male to almost

equally predominant female within a period of one month. However,
we have observed that sex inversion continues though in smaller num-
bers into July, and except for this group described by Coe (1934) the

transformation to the second female phase takes place most actively in

late June and July. Individuals which behave thus are presumably

among the oldest of the over-wintering population and are one year old

at the opening of the second breeding season. These favored indi-

viduals therefore have two breeding seasons. In this case, since we
have shown that sex inversion is not confined to young individuals but

takes place also in the adult animals, the sexual life cycle of this group
whether inversion happens early in the second breeding season or later,

should be represented by male-female-male-female.

On the factual side we have shown sexual inversion is taking place

in fully grown Teredo during July and August both from female to male

and from male to female. Teredo navalis therefore resembles the Cali-

fornia oyster in its sexual life cycle rather than Crepldula, which has an

early more or less persistent male phase which is followed by a perma-
nent female phase. It is therefore properly called protandric whereas

Teredo usually has one or more additional transformations to complete
its sexual cycle.

DISCUSSION AND CONCLUSIONS

I

It may be observed that there is little difference between Professor

Coe's data and ours except for the last two months of the life history of

Teredo. This part of the life history deals with data and observations

for July and August : of the second breeding season. What is the ex-

planation of the final difference of interpretation?

In analysing Coe's data in support of the belief that the adult popula-

tion is 10 per cent male after the middle of the breeding season, it should

be pointed out that he draws his conclusion somewhat indirectly. Thus
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in one case he analyses a population collected early in the summer and

shows by a study of sections that it contains 10 per cent true males.

The others arc in the female phase or are clearly protandric females

which should become functional females before the end of the breeding

season, leaving 10 per cent permanent males (see Coe, 1933, p. 196).

In another place (at the bottom of page 296) he used a group of 202

young teredos collected August 18-21. He shows that this group con-

tains 18 males, which confirms the estimated ratio of 9 or 10 males to

100 females. Again on page 298, he uses a group of 220 young teredos

for the same purpose. It would appear that these young animals of the

current breeding season could not be confidently used in proving the

existence of a certain sex ratio in adults. It is a difficult matter, it is

true, to get reliable data on normal sex ratios at the end of the breeding

season because so large a part of the population is dying of old age. It

is evident, therefore, that the basis for the assumption that there are only

10 per cent males in adult populations of Teredo after the middle of the

second breeding season rests upon indirect evidence which fails to take

into account the continuation of sex inversion from female to male

during this period as well as earlier. All of Coe's actual counts of adult

animals collected during the second breeding season show not less than

30 or 35 per cent males, some of which are hermaphroditic or protandric

females in the male phase of development. This group remains part of

the population throughout the breeding season and is properlv listed

among the males for the reason that it consists of functional males pro-

ducing active spermatozoa and no eggs. Thev frequently are devoid of

distinguishable ovocytes.
1

II

In conclusion, emphasis is given to two points which constitute the

contribution of this paper to the study of sex inversion in Mollusca.

First, males are without doubt much more abundant in Teredo than a

survey of the literature indicates. They constitute from 30 to 50 per

cent of adults and an even larger proportion of the young. Second.

there is inversion of the sexes throughout the life of the Teredo. It is

not confined to the very young individuals or to the opening of the sec-

ond breeding season, as Coe has maintained in his papers on Teredo.

The condition in Teredo is therefore strictly comparable to that of the

1 The abundant males which appear after the middle of August, as Coe points

out, arc young animals of the current season between 2 and 4 an. in length, whereas
adult animals grown under favorable conditions reach a length between 20 and

30 cm. In any case, there is no necessity for confusing them. The young teredos

do not appear in the population as breeding animals until the middle of August and

are easily distinguished from the older ones. Our work has dealt only with adults.
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gonads of the California oyster, Ostrca lurida, as described by Coe.

Although the life of Teredo is short, covering not more than one and a

half years (usually 12 to 14 months), the female after spawning two or

three times at monthly intervals reverts rapidly to the male phase and

produces abundant active spermatozoa. This is as much a characteristic

of fully-grown teredos as of any other stage of their life history.

As to the cause of this inversion of the sexes, we have no theory to

offer, but it seems to be due to genetic causes rather than to environ-

mental influences.
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RELATION BETWEEN MATURATION DIVISION AND
CLEAVAGE IN ARTIFICIALLY ACTIVATED EGGS
OF URECHIS UNICINCTUS (VON DRASCHE)

YOSHI KUNI HIRAIWA AND TOSH1JIKO KAWAML'RA

(/Vow the Zoological Laboratory, Hiroshima University, Hiroshima, Japan)

Recently Tyler (1931a, 193 Ifc, 1932a, 1932/>) has reported interest-

ing studies on the relation between the polar bodies and cleavage in the

parthenogenesis of Urechis caupo. lie observed that only the eggs

which were incompletely activated and did not protrude polar bodies

divided and formed embryos, when unfertilized eggs were treated with

diluted sea water. The chromosomes seen at the first cleavage in such

eggs took the appearance of tetrad and numbered haploid. He ob-

tained high percentages of cleavage by suppressing the protrusion of

polar bodies with double treatments of diluted sea water and thought

that the chromosomes were divided into two groups first and then

formed the cleavage nucleus, fusing with each other in this case, as

judged from the cytological observation on the preparations.

The process of parthenogenesis in UrccJiis unicinctiis manifested by

our experiments differs remarkably from that in Urechis caitpo and

varies somewhat from those in Thalasscma (Lefevre, 1907), L'luctop-

Icnts ( Allyn, 1912), .hnpliitritc (Scott, I'XJC.) and C'uiniin/ia (Morris.

l'M7j. We will discuss those points briefly.

Urechis unicinctus (von Drasche) is found abundantly at the sea-

shore in the neighbourhood of our university and matures in winter.

Experiments were done at room temperature, between 9-21 C. The

sea water used was previously heated to about 80 to sterilize sperms

and was then left to be cooled to room temperature. It was aerated by

stirring before using. When taking out the eggs from the mother

animal, the body surface of the worm was washed with fresh water,

and the segmental organs, which are filled with eggs, were also thor-

oughly washed with sperm-free sea water. Accordingly no eggs wen-

activated by sperms in the control of the experiments of artificial

parthenogenesis. As much care as possible was taken not to stimulate

mechanically the unfertilized eggs in handling. ( )bservations were made

on living and fixed materials. Among the latter, besides permanent

total and section preparations, temporary preparations stained by aceto-

344
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carmine were used to determine the general behavior of the nucleus.

Bouin's and Navashin's solutions were used as fixing reagents for total

preparations and beside these Champy's solution was used for material

to be sectioned. Before sectioning, the eggs were first attached with

albumen to pieces of the thin sheath of toad liver or petals of Chrysan-

themum, then dehydrated and imbedded in paraffin. The sections were

cut at 1025
/j..

Heidenhain's iron haematoxylin was used for staining,

and. in the case of the materials fixed by Champy's solution, they were

bleached with H 2O 2 ; the affinity to dyes was intensified by Chura's

method before staining.

The unfertilized eggs of Urcchis niiicinctiis can be caused to develop

artificially to various degrees by mechanical, physical, and chemical

stimuli. When the eggs are put into sea water in a test-tube together

with small pieces of wire net or cotton cloth and shaken lightly for

12 minutes, most of them are activated and finish maturation division.

The maturation division is hardly distinguishable from that of fertilized

eggs, except for a few eggs which show cytolysis. About 1 per cent

of them cleave. Several of those which do not divide swim about,

becoming ciliated larvse later. If unfertilized eggs are exposed to warm
sea water of about 31.5 C. for 10 to 30 minutes, some of them are

activated, then cleave and become larvae. Exposure to hypertonic sea

water made by adding NaCl or KC1 to normal sea water, causes almost

all of the eggs to be activated. Some of them cleave and move about

as swimming larvse. The hypotonic sea water made by dilution with

distilled wrater is also another agent which induces parthenogenesis.

The best results were obtained by the use of ammoniacal sea water as

a chemical reagent for stimulation. When exposed to a mixture of 5

cc. of 0.1 N NH 4OH and 100 cc. of normal sea water for 1 minute,

most of the eggs are activated and finish maturation division. They
never cleave as the result of such short treatment, but in the case of

exposure for 30-40 minutes, 98-99 per cent show cleavage in the most

favorable instances. Alkaline sea waters made by addition of NaOH or

KOH are also effective reagents following treatment with NH 4OH sea

water. Unfertilized eggs are also activated by KCN solution and

several of them cleave once or twice. In the present studies we have

chiefly used NH 4OH sea water as the stimulative agent for artificial

parthenogenesis.

By examination of the relation between polar body protrusion and

cleavage in living materials, though polar body protrusion is hindered

by the stimulative agents to a certain degree, it is clear, as indicated in

Table I, that there is no distinct correlation between it and cleavage, as

was shown in the case of Urcchis caupo. In the cases with one or. two
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polar bodies, it can not be claimed that they are of the same nature in

each egg. When one polar body exists, it may be the first in some

cases and the second in the others. Kggs with two polar bodies are

classified into three groups, namely (1) those with a first and a second

polar body. (2) those with two second polar bodies without any first

one. and (3) those with two derived from the first polar body, with no

second one. Kggs with three polar bodies resemble the fertilized eggs

hut such eggs are produced very rarely.

In order to clarify the correlation between the nature of the nucleus

and the cleavage, we tried the following treatments with XH 4OH solu-

tion on the eggs. In the first place, the unfertilized eggs were made to

protrude polar bodies, by stimulating them only to an extent in which

maturation divisions were finished, but cell division was not induced.

Then the capacities of those eggs to induce cleavage were examined by

TABLE I

Polar body formation and percentage of cleavage

Exp.
No.
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Scott (1906) observed in Amphitrite that the dyads of chromosomes left

in the egg as the result of first maturation division retreat to the center.

In the eggs of Urcchis uniclnctus various abnormalities take place

in the maturation division and the protrusion of polar bodies is hindered

as is shown in Table I, but transition of the spindle of first or second

maturation division to the cleavage spindle is never seen. The

maturation divisions induced by various artificial stimuli are almost

alike in all eggs (irrespective of the protrusion or suppression of polar

bodies) with regard to the structure of the tetrads, the uniformity of

their number and the facts that they become monads by successive two

divisions without any resting stage and that the resting nucleus is formed

TABLE II

Percentage of cleavage by second treatment

Length of exposure of
second treatment
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at maturation division is irregular, tin- number of tbe chromosomes left

in the egg becomes irregular in most cases (Fig. 2). There is one

resting nucleus composed of monads in the eggs which have completed

regular maturation division, as in fertilized eggs, but there are one to

FIG. 1. Abnormal second maturation division in which only one second polar

body was formed from one of the two groups of dyads. Another group of dyads
divided deep in the egg simultaneously, but in this figure only one pole of it is

shown.

FIG. 2. Irregular distribution of chromosomes at maturation division. Chro-

mosomes seen just beneath the first polar body are those which are left in the egg
at the first maturation division. The second maturation division took place deep
in the egg.

FIG. 3. Tetraster produced at the time of first cleavage, when more than two
nuclei exist and asters which have appeared in contact with the membrane of each

nucleus connected each other. Chromosomes arranged on the equatorial plate are

quite abnormal and irregular.

FIG. 4. Amphiaster produced at the time of first cleavage in the egg which
was supposed to have finished maturation divisions similar to the fertilized egg.
The aster and spindle are small in size and irregular as compared with normal ones.

four in other cases. Accordingly, it is almost impossible to infer the

number of the chromosomes left in the matured eggs and the nature of

the resting nucleus merely by the number of the polar bodies protruded.

The asters which appear at the first cleavage are always placed in

contact with the nuclear membrane and the cvtaster is never seen.
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There are sometimes two asters, as in fertilized eggs, and these form

an amphiaster ;
hut hesides the amphiaster, polycentric figures such as

triaster or tetraster are found. Amphiasters are mostly produced in

the eggs with one nucleus and when more than two nuclei exist, asters

which have appeared in contact with the membrane of each nucleus

connect with one another and show a polycentric figure (Fig. 3). In

any case, the form and number of the chromosomes which have ap-

peared are very irregular and indefinite. Even when an amphiaster is

produced in the egg which is supposed to have finished maturation divi-

sions similar to the fertilized egg, the chromosomes take on irregular

granular, rod-like or thread-shaped forms. Their number is recog-

nized as about haploid (17) in some cases but often exceeds it. The

aster and spindle are generally small in size and irregular. At the

anaphase almost equal numbers of chromosomes move to both poles

(Fig. 4). When multipolar mitosis takes place, not only the numbers

of chromosomes are indefinite but also their shapes are irregular. Of

course at the metaphase extremely irregular division of chromosomes

results. In any case eggs usually form two blastomeres of about equal

size by the division of the cytoplasm but sometimes show irregular

division or no cytoplasmic division.

Other eggs produce monasters at the first cleavage. Only the

chromosomes divide but the division of the nucleus is not accompanied

by that of the cytoplasm, though they invariably have complete matura-

tion divisions almost similar to those of fertilized eggs and protrude

both polar bodies. Monasters which appear at this time are roughly

classified into two categories by the position, structure and size of the

aster and the form and number of the chromosomes. (1) Astral rays

are short and radiate surrounding the groups of chromosomes. Chro-

mosomes are crooked and thread-like, as shown at the first cleavage of

fertilized eggs, and are haploid in number. (2) Astral rays develop

especially in one direction and irregular chromosomes of haploid or

indefinite number are scattered widely on the astral rays. The relations

between treatment, maturation division, and first cleavage are sum-

marized as follows. Weak treatments cause the maturation divisions

to complete in a manner similar to that in fertilized eggs and produce

a monaster at the stage comparable to the first cleavage. Moreover,

the shape of chromosomes which appear at this stage resembles those

at first cleavage, and their number is about haploid. Agents of strength

adequate to induce cleavage often interfere with the maturation division,

produce various abnormalities, and also always injure the chromosomes

in the first cleavage. The achromatic figures appearing at the first

cleavage are monaster, amphiaster, triaster, or tetraster and in the cases
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other than those with the monaster, chromosomal division is generally

followed hy cytoplasmic division.

In and after second cleavage the arrangement of blastomeres be-

comes very irregular, hut eggs which have repeated divisions develop

to blastuhe and few of them transform into gastrulse and some trocho-

phores. \\ith the repetition of divisions, the shapes of chromosomes

become constant in each cell. Among larvae arc found all stages rang-

ing from almost normal to remarkably abnormal ones. A few of the

trochophores lived for fifteen days and swam about in the water or

on the bottom of the vessel with prototrochal cilia. The eggs which

have repeated chromosomal division, but are not accompanied by cyto-

plasmic division, always show some differentiation of cytoplasm, and

several of them swim about bearing cilia. In the studies of artificial

parthenogenesis in Annelida and Mollusca. it is reported that the eggs
of Ophelia (Bullot, 1904) and Thalasscuui (Lefevre, 1907) can not be

differentiated without cleavage, but in many other animals such as

Amphitrite (Scott, 1906). Cluctoptcrns (Loeb, 1901; Lillie, 1902;

. \llyn, 1912), Xcrcis (Lillie, 1911; Just, 1915) and Mactni (Kos-
tanecki, 190S. 1911) unicellular swimming larva,' are found. Such a

larva of Urechis miicinctns has a ring of cilia quite similar to the proto-

troch at the equatorial position and swims with the comparatively long

cilia.
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The Infusoria of the family Folliculinidse, which nearly all inhabit

salt water, are widely distributed along the coasts. Their identification

is made with difficulty by means of the tube or lorica, flask or bottle-

shaped, which is the principal character employed in this case. On the

Breton coast, in the bay of Concarneau, I found 15 different species.

The observation of these species, in a living state or after fixation, allows

one to define with precision the characteristics of species already known

(2 only seemed new). It seems necessary, in spite of the excellent

works of C. Dons and Kahl, to consider a revision of the group as a

whole. This will be the subject of a more important study; the present

paper's aim being only to give a brief description of the species found at

Concarneau. As a matter of fact, I have been obliged to give particular

consideration to the shape of the macronucleus. This may vary : it may
be moniliform and beaded, or single, ovate or spheroidal. It seems nec-

essary to divide the genus FollicuUna sensit stricto
}
and I propose the new

genus Follicullnopsis for the species endowed with a beaded macronu-

cleus, the primitive generic denomination of FollicuUna being kept for

species with a single ovate macronucleus. This allows one to complete

the subdivisions of the genus FollicuUna (primitive sense) for which

Dons has created several new genera.

The following descriptions are based only on the settled individuals ;

the swimming form has been observed for nearly all these species, but its

specific characters are not sufficiently well marked to be very useful in

their identification.
1

1 For bibliography, refer to :

Kahl, A., 1932. Wimpertiere oder Ciliata, in Die Tienvelt Dentschlands,

G. Fischer, Jena.

Kahl, A., 1933. Ciliata libera et ectocommensalia, in Die Ticnvclt der Nord-
niitl Ostsee, Leipzig.
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lliculinopsis prodncta \Yright (Fig. 1)

This species is very common and is usually fixed on various objects

(algse, shells, etc.) in the intercoticlal zone. It is easily cultivated in

aquaria. The infusorian, fully expanded, is more than 1 mm. long.

The tube is attached laterally for a distance of nearly 200 /n, then it

bends almost at a right angle and takes the shape of a spirally marked
neck (500 to 600

/j.) slightly everted at its margin.

The body of the fully expanded infusorian is elongate, slender,

growing very thin towards its posterior end. The two pcristomal lobes

are long and narrow, nearly always standing straight in the prolongation
of the body. The macronucleus is made up of about 20 beads. The
color of the infusorian is dark green-blue.

Folliculinopsis annulata sp. nov. ( Fig. 2)

Frequently found in colonies of Bryozoa. at depths of 15 to 20

meters. The tube-length attains or surpasses 800
/j. ;

it is composed of a

flat-lying lodge, adherent, which bends upwards into a long neck, often

flexuous, with annular thickenings, of which the base always shows a

kind of inner collar, short and in the shape of a truncate coin-.

The infusorian lias never been observed more than half expanded,
with the peristomal lobes elongated in parallel lines within the lorica's

collar.

Folliculinopsis lignicola sp. nov. ( Fig. 3)

The shape of the infusorian is very much like that of / ;
. producta,

but fully extended its length does not exceed 350 /x. The macronucleus

consists of a dozen beads; the infusorian has a pale blue color. This

small species seems to be associated with Liiitimria lignorum, for it

builds its rudimentary shell in the pitted tracheids which are cut through

by the hollowed galleries of these isopods in the pine wood of submerged
wrecks.

Folliculinopsis ynnncri C. Dons (Fig. 4)

The blue-green, fully expanded infusorian measures almost 400 p. ;

the shell, lying flat, is continued by a wide, slightly upturned neck,

everted at its margin, often irregular; its wall is thick and brownish.

This species resembles Folliculina ucitlcutii in its general aspect, but

differs from it by being smaller in si/e and having a moniliform macro-

nucleus of 7 to X beads. It has been encountered in Concarneau. not on

the integument of Liinnoria, as was observed by Dons, but on the surface

of galleries hollowed by this isopod.



FIG. 1. Folliculinopsis producta.

FIG. 2. Folliciilinopsis annidata.

FIG. 3. I-'olliciiliiiopsis lignicola.

FIG. 4. Folliculinopsis gunneri.
FIG. 5. Folliculinopsis limnoria.

FIG. 6. Pcbrilla paguri.

Scale indicated == 100 M.
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Folliculinopsis (Mirofolliculina Dons) Ihnnoricc Giard (Fig. 5)

This small species, always fixed on the last segments of Limnoria

Ugnornm, is well characterized by the very irregular shape of its shell,

which is 1 30-1 70
/u. long. This is terminated by a very short collar, and

spreads out to a large size with finger-like prolongations which may be

extremely variable from one individual to another. Dons has estab-

lished the genus Mirofolliculina for this single species ; but the chang-

ing irregularity of the tube is a character of secondary importance. The

expanded infusorial! is 210-230 p. long; the beaded macronucleus (in-

sufficiently observed by Giard) obliges one to rank this spirit's within

the genus Folliculinopsis, near to F. gunncri, from which it is distin-

guished first of all by a marked difference in si/e and by its specific

association with Limnoria lujnontin.

Folliculinopsis (Pcbrilla Giard) pai/uri Giard (Fig. 6)

The genus I'cbrilla Giard has been established for this single species

of which the shell lies attached on the integument of l-.upayurus hern-

hardus. This shell shows a very short and widely everted collar, a very

pronounced transversal median wrinkle and a posterior stud.

The fully expanded infusorian approaches 600 p. in length, the shell

360 4-00 /A. I have frequently found this large and very characteristic

^pecies on the abdomen of linpagnrus bcnilninlus and of Clibanarius

misanthropus. The macronucleus is alwav.s moniliform and shows a

dozen beads.

I'alliculinii clcfftins Clap, and I.ach. ( l*i^. 7)

This .species, existing in great numbers on the Atlantic coast, attaches

itself on various objects and is easily cultivated on submerged glass

plates. I studied it at Concarneau and at Woods llnlr. h certainly

has often been de.scribcd under the specific name of ampulla; but con-

fusion is here impossible, as the macronuclcn^ is single and oval, while

the two folliculines described by Kahl under the names of Ampulla Kahl

and Mobiusi Mobius - show a beaded macronucleus and are to be classi-

fied in the genus Folliculinopsis.

The tube consists of a horizontal lying lod^e 240-270 /*
in length and

o! a ncek bending up at an angle of about 45 , slightly everted at its

margin. The expanded infusorian is ncarlv <>()()
/t long, the posterior

part enlarged, straightened into a long neck which precedes the peri-

stome; both lobr^ run into a short sharp end.

'-'

I did nut observe these forms at L'oncarneaii.
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Folliculina aculcata Clap, and Lach. (Fig. 8)

This species, very close to the above, is distinguished by its con-

siderably greater size, by the development of its pharyngeal cavity and

by the two acute points, protoplasmic, rigid, and very accentuated which

terminate the peristomal lobes, answering completely to the description

given by Claparede and Lachmann.

The infusorian measures, expanded, approximately 800 /x; the tube

exceeds 550/z; horizontal at first, it progressively bends upwards and is

widely everted into a collar.

/". aculcata can be found at Concarneau at a depth of 20 meters on

shells and on Bryox.oa. It is probably this same species which has been

described by Giard under the name of /*. ubvssormn : F. similis Dons

and F. gigantea Dons may be synonyms, as well as /'. stylifcra Wright.

FollicuKna riridis Wright (Fig. 9)

One can possibly identify with the species briefly described by Wright
a small Folliculina whose form is very close to the two species just

describe) 1. but which is very distinctly distinguished and in a constant

way, by its smaller si/e and by its yellow-greenish or green color, very

different from the bine-greenish or gray-bluish colors of all the other

species.

The length of the infusorian reaches almost 4()()//. that of the lorica,

250 /*.

Folliculina simplex "Dons (Fig. 10)

This tiny Folliculina is one of the species which have been at first

associated under the name of F. ampulla O. F. M filler
;;

; the denomina-

tion of simplex, which is Dons' creation, stretches out. it seems, over a

i^roup of species, distinct but very difficult to identify, because of lack

of characteristic details. Various forms observed both at Concarneau

and at Woods Hole -rein to differ, in fact, in quite a constant manner,

it may be in the shape of the constantly very short collar, or in the

abundance of the blue-greenish pigment and its repartition. The only

Folliculina known in fresh water, F. boltoni Kent (.Iscohins Icntits

I lennc^uv) differs from F. simplex bv its lodging only.

Tin expanded infusorian measures from 190 to 220 /x; the pcristomal

lobes arc broad and short. The shell is patulous and measures 135-

175
//. /". simplex is easy to cultivate on submerged glass plates.

::
I first admitted this denomination, in 1932, following the description of Clap.

and Lach.
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Folliculina spirorbis Dons (Fig. 11)

This very characteristic species, widely distributed, which attaches

itself exclusively to the tubes of Spirorbis, is very difficult to observe,

and therefore has been described by its shell only. The shape of this

shell is a kind of ampulla of about 100 ^ in length, prolonged by a long

and very narrow tube (11 to 12 /A), which is erect and often flexuous.

The infusorian is characterized by its simplified structure; fully ex-

panded it shows an oval body going over into a slender and very long

neck, terminated by a small peristome of which the left lobe only is

developed.

Genus Parafolliculina Dons

Macronucleus ovoidal. Shell showing an annular wrinkle, as a

separation between the single plain posterior lodge and the fore-chamber,

placed at the base of the neck.

*

Parafolliculina mirdbilis Dons (Fig. 12)

In P. mirabilis the tube is distinctly and constantly divided in three

parts : a posterior ampulla, a widened entrance and a tubular and ir-

regular neck, sometimes bent upwards, largely everted at its margin.

The total length is over 400 p..

The expanded infusorian measures almost 600 /x; in its general shape

it looks very much like Folliculina clcgans, but the neck, which is elongate

between body and peristome, is very long and slender.

This large species, very characteristic, is found in Concarneau at

a depth of 15 to 20 meters in colonies of Mcmbranipora and in the com-

pany of Folliculinopsis ammlata. It may be cultivated in aquaria on

immersed glass plates.

Parafolliculina Jiirundo Kent (Fig. 13)

P. Iiinindu is very similar to Folliculina simplex, but its horizontal

shell, with a length of about 130 /A, is a trifle straighter, with an annular

wrinkle limiting an anterior entrance which is but one with the very short

neck. The peristomal lobes are narrow and lie relatively far apart.

This small species, feebly colored, has been observed occasionally on

immersed glass plates.

Parafolliculina amphora Dons (Fig. 14)

This species is distinguished from the above by the shell's aspect only,

the posterior end being broader and the peristomal lobes elongated. I
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occasionally observed it, as well as I''. hirundo. on immersed glass plates

in aquaria, at Concarneau and at \Yoods Hole, Mass. The observations

made on these two neighbouring forms are not sufficient to enable one to

decide whether or not they should be separated into two distinct species.

ParafoUicHliua violacca Giard (Fig. 15)

This particularly typical and widely distributed species has been

described by Laakmann (1903) and by Dons (1912) under the name of

FoHiculina tclcsto. The tube stands straight, about 250
/j. long; the

widened fore-chamber is continued by a rather short neck, everted at

its margin ;
the entrance shows a kind of inner collar at its base.

The expanded infusorian is 500 /A long; the peristnnul lubes, long and

slender, stand straight and parallel to the axis of the body; the color is

reddish-violet.



AN EXPERIMENTAL STUDY OF POLYSPERMY

JEAN M. CLARK

(From the Zoological Laboratory, University of Pennsylvania, and the Marine Biological

Laboratory, Woods Hole, Mass.)

Although the mechanism which insures that only one sperm shall

fertilize an egg is most closely concerned with the fertilization reaction

as a whole, it has been very little investigated. This is largely due to

the fact that no visible alteration in the surface protoplasm can be

associated with the change to a fertilized condition, and the failure

of the mechanism, as it appears in polyspermy the entrance of more

than one sperm into an unfertilized egg is not easily detectable in the

living condition until the time of the first cleavage. With the excep-

tion of the pioneer work on polyspermy, performed on the eggs of

Strongylocentrotus lividus by O. and R. Hertwig in 1887, there has

been little or no direct study of the phenomenon either from an

observational or an experimental point of view. Numerous embry-

ologists have been incidentally concerned with polyspermy as it

appeared in the course of their work, and most of the information

which has been added to the Hertwigs' contribution has come through
such indirect channels. The summarized results of some of these

studies are included later with the discussion of the effective agents

for inducing polyspermy.

Speculation as to the nature of the mechanism which prevents

polyspermy has not been wanting, but only one proposition has been

supported by a majority of the authorities in the field. This explana-

tion, embodying the conclusions reached by O. and R. Hertwig (1887),

E. B. Wilson (1903), Delage (1901), Godlewski (1926), F. R. Lillie

(1919) and Just (1929), while it is actually little more than a restate-

ment of fact, includes the major points which may be deduced from

the accumulated evidence. Briefly, it states that a change in the egg

protoplasm, probably in the cortical region, initiated by the fertilizing

sperm, renders the egg inaccessible to further sperm. It is generally

agreed, moreover, that polyspermy is caused by a retardation in the

rate at which this change is propagated around the egg from the en-

trance point of the sperm.
Until the present, this latter proposition has stood unchallenged

by experimental procedure, although it is actually only a deduction

from scattered qualitative observations. W'hile it is admittedly the

361
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simplest and most easily visualized mechanism which can be postulated

to explain the observed effects, such reasoning is insufficient foundation

for the confidence and lack of critical examination which it has en-

joyed. Even such preliminary experimentation as is reported in this

paper leads to results which are exceedingly difficult to reconcile

with the idea of the retardation of a propagated change in the egg
cortex as the cause of polyspermy. It is entirely possible that the

true explanation may have an entirely different basis, and this possi-

bility should at least be kept under consideration.

In view of the fact that monospermy is one of the few general

characteristics of fertilization which are capable of manipulation with-

out immediately fatal consequences, it is rather remarkable that so

little attention has been given to its study as a method of investigating

the fertilization reaction. At the suggestion and under the direction

of Dr. L. Y. Heilbrunn, the following experiments were undertaken

to repeat with the eggs of Arbacia punctulata the work done by the

Hertwigs (1887) on Strongylocentrotus. Their original list of agents

was extended to include a wider range of chemical substances, and a

few studies were made on other species for comparison.

GENERAL METHOD

In general, one procedure was used in all the succeeding experi-

ments, with slight modifications in certain cases. The eggs and sperm
were obtained from the animals according to the directions given by
E. E. Just (1929). The oral surface of the sea urchin was cut, the

lantern removed, and the male animals inverted over dry Syracuse
watch glasses, while females were allowed to shed into Stender dishes

containing sea water. After being washed several times in sea water,

some of the eggs from each female were tested by insemination. Such

lots as gave 100 per cent entirely normal fertilization reaction were

used for experimentation. In some cases M-verul lots were mixed

(usually eggs from 2-5 females) in order to reduce the variation in the

results arising from individual differences characteristic of the parent
animals.

The number of sperm used for insemination in each experiment
was controlled so far as possible by making a standard suspension

consisting of one drop of "dry sperm" in 25 cc. of sea water. From
2-5 drops of this suspension were used to fertilize each lot of eggs in

the experiments. Although this method gives only an approximately
uniform insemination, experiments showed that even a much wider

range of variation had in itself no effect in changing the number ot

sperm which entered each egg. Except in experiments involving
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over-insemination, only enough sperm suspension was used to produce
a moderate insemination approximately 1/20 of the sperm concen-

tration which was necessary to secure 10 per cent polyspermy in

otherwise untreated Arbacia eggs.

In the case of each reagent, tests were made with dilute sperm

suspensions to make sure that the sperm retained their complete

capacity for fertilization after exposures of at least 5 minutes. It was

assumed that within this time all fertilizable eggs in a well-mixed

sperm and egg suspension would be fertilized.

The general procedure in all experiments was as follows: eggs and

sperm were shed, and the eggs tested for 100 per cent normality.

Several drops of concentrated egg suspension were introduced into

the test solutions and left for varying periods. The eggs were in-

seminated in the test solution, or they were removed to sea water

containing sperm, or to sea water to which sperm were added after a

short recovery period. Controls were inseminated in sea water to

check the incidence of polyspermy resulting from injury incurred

during the handling of the eggs. In almost no case was this higher

than 1-2 per cent, and a majority of the cases showed none at all.

The eggs were allowed to develop to the first cleavage, and the

percentages of development (i.e., partial or complete fertilization-

raised fertilization membrane, characteristic change in pigmentation,

or visible nuclear activity) and of polyspermy (cleavage into three or

more blastomeres or appearance of three or more daughter nuclei in

an uncleaved egg after an hour) were recorded. The percentage of

development represents the ratio of activated eggs to all the eggs

in the suspension. The figures for polyspermy, on the other hand,

give the percentages of activated eggs which were polyspermic.

In certain cases in which the test solution was strongly toxic it

was removed after 10-15 minutes and fresh sea water was added, to

allow the development of the eggs to proceed. This was done only

when sufficient time had elapsed after insemination so that all the

sperm in the suspension had been deprived of fertilizing power.
In these experiments, although the temperature varied during the

season from 18.0 to 28.0 C., most of the work was done at about

23.0 C. In any one experiment all the solutions were allowed to

come to the same (room) temperature before the eggs were introduced

into them. Undoubtedly some of the variation observed in the results

may be traced to temperature effects; in order to separate out such

variation from that due to individual differences, it will be necessary

to perform a series of experiments using eggs from the same females

at extremes of the temperature range. In the meantime no consistent

effect can be detected in the data at hand.
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All alkaloid solutions were made up in fresh sea water, checked for

pH with Clark and Lubs indicators, and kept in a refrigerator between

experiments to prevent decomposition of organic constituents. Other

conditions, such as amount of solutions and number of eggs, were kept

relatively constant by the use of Stender dishes and pipettes of

uniform size, and results were checked with controls whenever this

was possible.

SPECIFIC DIFFERENCES IN SUSCEPTIBILITY TO POLYSPERMY

It is generally conceded throughout the literature that insemination

with an excess of sperm will cause polyspermic fertilization in the

eggs of many marine animals, even when these eggs are in good con-

dition. Just (1929), on the other hand, directly contradicts this.

In deciding the issue, there is always the difficulty of determining the

point at which the concentration of sperm begins to inflict injury

upon the egg cells by accumulation of CO2 and probably other sub-

stances. In Arbacia such injury is very apparent with extremely

heavy insemination, causing marked irregularities in development.
The polyspermy which appears with moderately heavy sperm con-

centrations may well be the first evidence of the injury. On the other

hand, great differences in the susceptibility of eggs to polyspermic
fertilization can be demonstrated between different species. Cumingia

eggs, for example, are strongly affected by sperm concentrations which

would give no polyspermy in Arbacia, and which, on microscopic

examination, show no crowding of sperm about the egg peripheries.

A technique for exact comparative study of different species would

require the development of a special method for counting with some

accuracy the number of sperm in a given suspension. There are,

moreover, other factors, such as size of eggs, size and shape of sperm,
and the precise mechanism for sperm entrance into the eggs, which

contribute to the final result. With these qualifications in mind, a

simple method was used to give approximate values for each of the

four species studied. For Arbacia punctulata and Asterias forbesii,

sperm suspensions could be made roughly comparable by using the

same dilutions of dry sperm. Preliminary experiments indicated

the sperm concentration which uniformly gave 100 per cent fertiliza-

tion with the lowest percentage of polyspermy to be 0.00 re. ot the

standard suspension" made by mixing OIK- drop of dry sperm with

25 cc. of sea water. With lighter insemination not all the eggs were

fertilized; when the amount of sperm suspension was considerably
increased (ca. 10 times), polyspermy became slightly more frequent.

The sperm of Cumingia. tellinoides and Cerebratulus lactens cannot 1 it-

obtained dry; the procedure used in these cases was to determine the
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lowest concentration which consistently produced 100 per cent de-

velopment when the eggs were inseminated with 0.06 cc. of it. This

then formed the unit suspension of which increased amounts were used

to produce polyspermy.

Eggs and sperm of Arbacia were obtained in the usual manner.

Asterias eggs were procured by removing one-half of a ripe ovary to a

finger-bowl filled with sea water. After 5 minutes the ovary was

removed
;
the eggs which had been extruded were allowed to remain in

the sea water for from 30 to 55 minutes to permit the breakdown of the

germinal vesicle. Sperm were shed into a dry Syracuse watch glass

from the excised half-testis, and the test suspensions made from this

concentrated stock. Cumingia eggs and sperm were shed into Stender

dishes of sea water into which the animals were placed after being

kept dry for a short time. Cerebratulus gametes were teased out of

sections cut from the sexually mature worms. In order to permit a

rough comparison of the results, the sperm concentration obtained by

adding 0.06 cc. of the "standard suspension" to an approximately

equal number of eggs in 30 cc. of sea water is considered as unity in

Fig. 1. The eggs were inseminated with multiples of this amount to

100 times the unit suspension or until the incidence of polyspermy

approached 100 per cent.

The curves for the four species are plotted in Fig. 1. It is at once

apparent that there are wide differences in the order of susceptibility

to polyspermy among these species. When the unit concentration

of Cerebratulus sperm is increased 20 times, these eggs are nearly all

polyspermic. Because of the difficulty of obtaining eggs and sperm
of this animal, the experiment was performed only once, and the result

must be considered as simply indicative. Cumingia eggs are 100

per cent polyspermic with 50 times the original sperm concentration,

while a sperm suspension 75 times more concentrated than the mini-

mum gave only 41 per cent polyspermy in Asterias and 14 per cent in

Arbacia eggs. No correlation can be found between the size of the

egg and susceptibility to polyspermy, the size series being Cerebratulus,

Asterias, Arbacia, Cumingia. It is most probable that the explanation
of this disparity must be sought, not in morphological or simple

physical and chemical variations, but in the less easily defined physio-

logical differences between various types of eggs, such as their re-

sistance to deterioration after exposure to sea water, and the influence

which is exerted on the cytoplasm by the stage of the maturation

process in which the eggs are fertilized.

AGE
Preliminary studies of the effect of aging on Arbacia and Asterias

eggs were undertaken to furnish data for comparison between the two
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forms, and also to attempt to find a basis for explanation ot the fact

that Smith and Clowes (1924), in their pH work, obtained 100 per cent

polyspermy in Asterias at the pH of sea water. In these experiments

no attempt was made to control temperature or to check bacterial

action, since the aim was not to differentiate between the roles of

various factors in the aging process, but to discover their combined

effect on the fertilization reaction.

100 r

OF SPERM SuspEnsion

Fit.. 1. Relative susceptibility of four species to polyspermy caused by over-

insemination.

Eggs were kept in uncovered finger-bowls filled with sea water, in

dilute suspension to avoid undue crowding, at room temperature.

They were removed at intervals to Slender dishes and inseminated with

freshly secured sperm in the usual concentration.

Arbacia eggs uniformly showed no diminution in their resistance

to polyspermy with moderate insemination until they had been stand-

ing at least 16 hours in sea water. The percentage of polyspermy
then increased regularly until at 23 hours it occurred in all eggs
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which were still capable of fertilization. The eggs of Asterias pre-

sented a very different picture, which is represented in graphic form

in Fig. 2. These curves, which indicate the increased polyspermy
with increased time after shedding of the eggs into sea water, include

the results of 5 experiments in which eggs were inseminated with the

usual light sperm suspension, and simultaneously with one 80 times

more concentrated. When eggs are inseminated lightly 45 minutes
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FIG. 2. Increasing susceptibility to polyspermy with increased time of standing
in sea water, in the eggs of Asterias forbesii.

after exposure to sea water, the polyspermy is somewhat less than 10

per cent; after exposures of 85 minutes to sea water, the polyspermy
increases to 24 per cent. Between 2 and 2\ hours after shedding,
86 per cent of the eggs are polyspermic, even though very low con-

centrations of sperm are used. With heavy insemination, there is

36 per cent polyspermy at about 45 minutes, 73 per cent after 85

minutes, and 100 per cent between 2 and 2-| hours. Microscopic
examination of heavily inseminated eggs immediately after insemina-
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tion showed the jelly surrounding the eggs to be completely filled with

active sperm. This degree of insemination must be comparable to

that designated by Smith and Clowes as "maximum" since it ap-

proaches the physiological limit further increase in the- number of

sperm causes injury apart from polyspermy.
The rapidity with which Asterias eggs lose their capacity to resist

polyspermy after exposure to sea water and completion of the matura-

tion process suggests that the high percentages of polyspermy found

by Smith and Clowes are due to the use of eggs which had stood in

sea water too long (i.e., \\-2 hours) after shedding to be in optimum
condition for fertilization.

HKRTWIG REAGENTS

In repeating with Arbacia punciulata the Hertwig (1887) experi-

ments performed on the eggs of Strongyhcentrotus lividus (Paracentrotns

Hindus), no attempt was made to determine the optimum concentra-

tion or length of exposure for the production of polyspermy with the

particular substance used, chiefly because the present state of the

knowledge both of the mode of action of the complex chemicals

involved and of the cell mechanism affected by them is too fragmentary
to make profitable use of detailed quantitative data. In each case

the concentrations selected in the original work were used, although

the time of exposure was varied to some extent. In order to overcome

the fluctuations introduced by individual variation, the data presented

include results of several experiments performed on different lots of

eggs. Except in cases in which the percentages were close to or 100,

the final average is made from individual experiments, the results of

which may vary widely. Indeed, the average for one lot of eggs may
be 30 per cent from the final average.

The substances which were selected, somewhat fortuitously, by
the Hertwigs for their experimental studies of fertilization fall rather

clearly into three categories so far as their action on Arbacia egg cells

is concerned. Chloroform, which is in a class alone, will be discussed

below. Of the others, chloral hydrate, cocaine hydrochloride and

nicotine form one group, and morphine sulphate, strychnine sulphate

and quinine sulphate, another.

The action of the first group is characterized in general by its lack

of effect in entirely blocking fertilization, its production of a high

percentage of polyspermy, and its immediate and nearly complete

reversibility on return of the eggs to sea water for insemination. The
substances in the second group tend to reduce the percentage of de-

velopment; they induce less polyspermy, and the polyspermy-inducing
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action is not so rapidly reversed on return to sea water, although the

block to fertilization is removed. (See Table I.) Chloral hydrate,

cocaine hydrochloride and nicotine, in concentrations which will

give 100 per cent polyspermy, permit development to proceed at least

past the first few cleavages in the test solutions, while morphine,

strychnine and quinine sulphates are rapidly (within 30 minutes

after insemination) fatal to eggs left to develop in the solutions,

turning the protoplasm dark and apparently coagulating it. These

facts seem to indicate a more or less specific attack, on the part of the

TABLE I

Comparative resume of results obtained by treating unfertilized Arbacia eggs
with reagents used by O. and R. Hertwig (1887).



370
I KAN M. CLARK

TABLE II

Results obtained from treatment with 0.2 per cent chloral hydrate.

Exposure
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TABLE IV
Treatment with 0.025 per cent cocaine hydrochloride.

Exposure
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TABLE VI

Eggs exposed to 0.6 per cent morphine sulphate for 15 minutes.

Inseminated in
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capacity for the production of polyspermy is less rapidly reversible

in fresh sea water, showing almost no diminution on insemination in

sea water immediately after transfer from the strychnine solution.

There is only partial recovery of normal fertilizability after 1 minute.

Quinine Sulphate

The tendency toward irreversibility is carried to a remarkable

extreme in the action of quinine sulphate, which shows a more than

100 per cent increase in the incidence of polyspermy when the eggs are

transferred to sea water containing sperm, after 10 minutes or less

exposure to a 0.05 per cent quinine sulphate solution (see Table VIII).

Even after 1 minute of recovery in sea water, the percentage of poly-

spermy is higher than that obtained by insemination in the solution.

This result is wholly unexpected and at present inexplicable.

TABLE VIII

Eggs immersed in 0.05 per cent quinine sulphate solution for 10 minutes.

Inseminated in
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data and more exact control of experimental conditions will be neces-

sary before significant values can In- obtained. From the results at

hand, however, several facts are apparent. In the first place, all the

substances tested are effective agents for the production of polyspermy,

and, so far as could be determined, they possess roughly the same

order of effectiveness. Experiments which involved insemination

in sea water after exposure to the solution showed that the action of

all the substances is reversed immediately upon return to sea water

unless the treatment has been prolonged or severe.

Probably the greatest part of the observed variation can be

ascribed to the temperature effect which is easily detectable in the

data, although no experiments were planned to test this point. Tin-

fact that one concentration of ether or ethyl alcohol, over the tempera-
ture range from 22.0 to 27.0 C., caused successively no observable

effect, 100 per cent polyspermy and 100 per cent cytolysis of the cell

protoplasm demonstrates clearly that the treatment resulting specifi-

cally in the production of polyspermy possesses a very narrow range of

effectiveness which lies only slightly below the lethal dose.

COMMON' CATIONS

The extensive work which has been done by R. S. Lillie (1910),

J. Loeb (1915), and others on the effects of the sodium, potassium,

magnesium and calcium ions on egg cells and on the fertilization re-

action suggested an attempt to discover the possible role ot these

cations in the production or prevention of polyspermy. Because they

are constituents of the medium in which fertilization normally takes

place, and because their properties are relatively well defined and

their action on single cells has been extensively studied, they are more

useful agents for experimentation on egg cells than the more complex
and less familiar alkaloids. Several factors are involved, however,

and these complicate the situation.

The greatest difficulty lies in the fact that the eggs cannot be

fertilized in pure isotonic solutions of the chlorides of these ions because

such solutions are highly toxic to both eggs and sperm. Moreover,

it is impossible, without using a centrifuge to concentrate the eggs,

to carry them from sea water to a pure chloride solution without in-

cluding traces of the other salts of sea water. Centrifugal force was

not used because of the danger of mechanical injury to the eggs.

With the possibility of inseminating in pure solutions ruled out,

two alternative methods were used: first, exposure of eggs to chloride

solutions for a relatively long time i 20 minutes) and insemination

immediately upon return to sea water; and second, the addition of an
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excess of the isotonic salt solution to sea water and insemination in

this mixture. Since the most drastic effect of isotonic solutions of

sodium, potassium and magnesium on sperm motility depends on the

lack of calcium, and since calcium is effective in extremely small

quantities, the sperm retain their motility and fertilizing power in

such solutions containing a great excess of one ion, which must then

be considered to be exerting the predominant effect in influencing the

course of the fertilization reaction.

Experiments with Isotonic Chloride Solutions

Arbacia eggs were shed into sea water and washed in the usual

fashion; they were later transferred through three dishes of isotonic

salt solution within twenty minutes, and inseminated immediately

upon return to sea water. Although the shedding of the eggs directly

into the salt solutions would have eliminated the necessity for repeated

washings and insured entire absence of the other constituent salts of

TABLE IX
Unfertilized eggs washed for 20 minutes in three changes of isotonic solution,

inseminated in sea water.

Cation



376 JKAN M. CLARK

The results of these experiments are summarized in Table IX.

It must be emphasized again that these figures are not indicative of

the absolute magnitude of the polyspermy-producing action exerted

by these reagents, since fertilization did not take place in the test

solutions. They probably represent the amount of such effect which

was not immediately reversed upon return to sea water, since, with

the single exception of quinine sulphate, all the reagents tested gave
a higher percentage of polyspermy when insemination took place in

the solution than when the treated eggs were changed to fresh sea

water containing sperm.

Experiments with Salt-Sea Water Mixtures

Mixtures of sea water and isotonic salt solutions were made in

varying proportions, and eggs inseminated in these test solutions after

an exposure of 10 minutes. A condensed comparison of the results

obtained by this procedure with sodium, potassium, magnesium and

calcium chlorides is presented in Table X. It is strikingly apparent,

TABLE X
Effect of 10-minute exposure to salt-sea water mixtures. Percentages represent

salt solution/sea water ratio. D = percentage of all eggs activated; P == percentage
of all activated eggs polyspermic.

Salt
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The data accumulated for magnesium in the course of a large

number of experiments show that the concentration of magnesium
(4 parts isotonic MgCl 2-l part sea water) which causes the highest

percentage of polyspermy is precisely the amount at which the fertiliza-

bility of the eggs begins to drop off sharply (see Fig. 3). This relation-
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FIG. 3. Effect of various proportions of isotonic MgCU and sea water on

development and polyspermy in Arbacia punctulata.

ship points to the conclusion that the magnesium-sea water solution

affects the sperm-excluding mechanism just before it fatally injures

the cell as a whole.

In an attempt to discover why the proportion of one part sea water
to four parts MgCl 2 was more effective than any other combination,
a series of experiments was performed in which one part of isotonic

NaCl, KC1 and CaCl2 respectively was added to four parts of MgCl 2 .

The results are shown in Table XI. The fact that the mixture of

MgCl 2 and NaCl has an effect so similar to that of MgCl 2 and sea water
is not surprising in view of the predominant amount of sodium in sea
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TAHI.I-: XI

Unfertilized eggs exposed for 10 minutes to isotonic salt mixtures.

24 cc. MgCli + 6 cc. of
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would be strictly comparable with the values obtained for the other

agents. This work differed from Smith and Clowes' in that counts

were made at the time of the first cleavage instead of 2-4 hours after

insemination, and treated eggs were inseminated with a light sus-

pension of sperm (see above) instead of the "excess sperm" used by
Smith and Clowes. In other respects their technique was followed

100 r
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FIG. 4. Effect of pH on development and polyspermy in Arbacia punctulata.
Open circles, development; solid circles, polyspermy.

exactly. The sea water buffers were broken down by the addition of

23 cc. 0.1N HCl/liter of sea water, and the water was allowed to stand

overnight in a shallow dish to permit escape of the excess CO2 . The
pH was adjusted by the addition of 0.1N NaOH, and checked with
Clark and Lubs indicators. Eggs were inseminated in the solutions

after 10 minutes exposure.
The results, as shown in Table XII, correspond well with those of

Smith and Clowes for Arbacia, when allowance is made for the lighter



380 JEAN* M. CLARK

insemination. It is interesting to note that the percentage of poly-

spermy is perceptibly increased over the normal sea water control

when the carbonate buffer system is broken down and the pH brought
back to 8.2 by the addition of NaOH. As reported by Smith and

Clowes, the greatest incidence of polyspermy occurs at about neu-

trality. As they are plotted in Fig. 4, the data show a somewhat
wider range over which polyspermy occurs, as well as a more gradual
rise both to 100 per cent fertilization and to the maximum amount of

polyspermy.

DISCUSSION

As in the case of activation of egg cells, the range of effective agents
for the production of polyspermic fertilization in sea urchin eggs is

exceedingly wide and bewilderingly contradictory. Simple explana-
tions are immediately ruled out by data proving the efficacy of an

agent which increases the rate of metabolism heat, and one which

decreases it cold; of an excitant strychnine, and a depressant-
.ilcohol

;
of a substance which raises permeability- -Na, and a substance

which lowers it Mg.
A list of the agents or conditions which have been shown to produce

polyspermy is given here, to indicate the wide field which they cover.

AGENT INVESTIGA i
' >i--

Physico-chemical
1 leat ... I lertwig, O. and R., 1887

Cold .Hertwig, O., 1890

Bury, J., 1913

Acid sea water (pH 7.0-7.2) Smith and Clowes, 1924

Rose, M., 1931

Egg and sperm extracts. . . .Sampson, M., 1926

Godlewski, E., 1934

Common cations. . .This paper
Alkaloids. 1 lertwig, O. and R., 1887

Fat solvents

CHs Cl I lertwig, O. and R., 1887

Ether, ethyl alcohol, ethyl urethane. . .This paper
Chloral hydrate . . .1 lertwig, O. and R., 1887

Physiological
Mechanical injury Hertwig, O. and R., 1S87

Age Hertwig, O. and R., 1887

Immaturity Fol, H., 1877

Iverripeness Fol, 1 1., 1877
I 'nor condition of parent animals Fol, II., 1877

Hertwig, O., 1890

Overinsemination ... Gemmill, J. J., 1900
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It is very probable that further work will show still more diverse sub-

stances to be equally effective, since the effort to extend the list in the

past has been largely directed by one theory that polyspermy is

caused by substances or conditions which tend to slow up the speed
of some cortical reaction. When this point of view is disregarded,

other agents can be added to the list which may in time contribute to

a generalized concept and to further analysis of the steps in the

fertilization reaction.

One fact which is of undoubted importance in connection with an

understanding of experimentally induced polyspermy is that in very

many cases a direct correlation can be observed between the severity

of the treatment time of exposure X concentration of reagent and,

at first, the number of eggs which is polyspermic and later, when they
are all affected, the number of sperm which enter each egg. The

significance of this point lies in the fact that it definitely disproves

the existence of an all-or-none type of mechanism, and indicates

rather a reaction which may be retarded or accelerated by the

treatment.

From the fact that the shortest possible time of exposure to most

of the reagents gave at least half as much polyspermy as much longer

exposures, it is evident that the reaction which is responsible for the

appearance of polyspermy is initiated very rapidly. The complete
reversal on return to sea water which was observed with optimum
treatment (e.g., 0.2 per cent chloral hydrate) again emphasizes the

rapidity of the process, besides indicating its reversibility. It is

necessary to point out in this connection that the interval between

introduction of the eggs into a given solution containing sperm and

their fertilization consists in little more than the time which it takes

for the sperm to penetrate the egg jelly, since the sperm are well dis-

persed and must reach the eggs as soon as they enter the solution.

The uniformly short time of exposure which is effective with all

reagents in spite of the fact that the living cell membrane intervenes

between the egg protoplasm and its environment, and in spite of the

very different rates of penetration into cells of the various substances

involved, would lead to the supposition that whatever mechanism is

affected lies at or immediately beneath the cell membrane. This is,

of course, the location which would be postulated for a reaction that is

concerned with stimuli entering the cell from the outside, and which

is deranged by treatment that leaves other cell functions apparently
normal.

The reversibility after moderate, and the irreversibility after severe

treatment with chemical agents is an important characteristic of
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experimental polyspermy, and one which will materially assist in

defining the reaction by excluding many types of effects which are

known to be consistently irreversible, and by affording an index of

severity of treatment. The anomalous case of quinine SO 4 , which

doubles its effectiveness on return to sea water instead of reversing to

normal, provides interesting material for speculation, but it cannot

be considered to invalidate the other results since so little is known of

ihe actual mode of action of this substance.

It is certainly apparent that the information at hand is insufficient

basis for any final conclusion concerning the mechanism of mono-

spermy. However, as working hypotheses, some of the possibilities

which these data suggest can be used to advantage in a further attack

on the problem. For example, it is known that \a, K, Mg (Heilbrunn

and Daugherty, 1932), ether (Heilbrunn. 1934), and cold (Thornton,

1935) cause a change in the viscosity of cortical protoplasm in the

direction of liquefaction. All these agents have been shown to be

more or less effective agents for causing polyspermy. In view of the

fact that a marked gelation of the sea urchin egg cortex occurs at

fertilization (surface pigment granules which are easily moved by

centrifugal force before fertilization cannot be dislodged immediately

afterward), it is possible that interference with this gelation would

disturb the supernumerary sperm-excluding mechanism to the extent

ot producing polyspermy.
Another observable change in the physico-chemical state of the

sea urchin egg cortex which is closely connected in some way with

the fertilization reaction is the shift in color of the egg surface with

rfcirk-field illumination, as reported by Runnstrom (1928). The color

has been shown to be caused by the lipoid constituents of the outer

membrane. Dark-field observations of treated eggs with special

attention to the coloration of the Ijpoid layer would determine whether

or not the change in the coloration of the lipoid layer seen by Ktiiin-

strom is important in connection with monospermy.
This study, then, has shown that the problem oi polysp*ermy can

be attacked by measures which will yield quantitative results, and it

is possible that data from this source may constitute a significant

addition to the knowledge of the fertilization reaction.

SUMMARY

1. Kxperimental study of pathological polyspermy is discussed as

a method for ascerteiining the dynamic characteristics ot the fertiliza-

tion reaction and especially of monospermy.
1. A grin-nil procedure is described for treatment of unfertilized
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eggs, standardization of sperm suspensions, and determination of

percentages of polyspermic fertilizations.

3. Comparable overinsemination of the eggs of Arbacia punctulata,

Asterias forbesii, Ciimingia tellino-ides and Cerebratulus lacteus shows

sharply decreasing resistance, in the listed order, to polyspermy caused

by excess sperm.
4. Eggs of Asterias forbesii become susceptible to polyspermic

fertilization after standing in sea water less than two hours. Eggs of

Arbacia show little diminution in their normal resistance to poly-

spermy until after sixteen hours in sea water.

5. Unfertilized Arbacia eggs were exposed to dilute solutions of

chloral hydrate, cocaine hydrochloride, nicotine, morphine sulphate,

strychnine sulphate and quinine sulphate. The effectiveness of these

substances in inducing polyspermy is discussed and compared. The
results for Arbacia punctulata are found to be qualitatively similar

to those obtained by O. and R. Hertwig (1887) with Strongylocentrotus

livid us.

6. Qualitative experiments testing the effect of fat solvents on

unfertilized Arbacia eggs showed a fundamental similarity between the

effects of anaesthetic concentrations of ethyl alcohol, ether, chloroform

and ethyl urethane. These substances have a narrow range of high

effectiveness near the point at which the cell cytolyzes.

7. Studies of the effect of the four common cations of sea water in

causing polyspermic fertilization of Arbacia eggs showed that, when
unfertilized eggs are washed in isotonic solutions of the chlorides and

inseminated on return to sea water, the ions are effective in the order

Na > K > Ca > Mg. On the other hand, insemination in isotonic

chloride-sea water mixtures gave the result, Mg Na, K, Ca, with

the maximum percentage for Mg 71, for Na, K and Ca = ca. 5.

8. Exposure of unfertilized Arbacia eggs to acidified sea water

over the pH range from 5.8 to 8.2 gave a maximum of polyspermy at

pH 7.0. This result agrees with the work of Smith and Clowes

(1924).
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THE EFFECT OF TEMPERATURE ON OVIPOSITION IN
DROSOPHILA MKLANOGASTER

NATHAN KAI.ISS AND MARC A. GRAUBARD

(From the Department, of Zoology, Columbia University}

A study of the effect of temperature on oviposition rate in Droso-

pliilo melanogaster was undertaken with the hope that the egg-laying

mechanism might offer suitable material for the study of growth

problems in the formation of the mature egg, a process which is free

from the complications of differentiation.

METHODS

To eliminate genetic differences sibling Fi females from single-pair

crosses between inbred strains of vestigial and Oregon-R wild type
flies were used for the egg-laying. These inbred lines had been main-

tained by single-pair matings during four generations for the vestigial

line, and seven generations for the Oregon-R line. Wings of the

females were clipped to prevent accidental loss of flies.

Single females were isolated in shell-vials within 24 hours after

eclosion from the pupa-case, and mated with one or two males.

Males dying during the course of the experiment were immediately

replaced.

Eggs were collected on paper ice-cream spoons (previously im-

pregnated with bees-wax to prevent moisture absorption) containing
2 cc. of a banana-molasses food medium (100 cc. water, 20 grams
banana, 5 cc. molasses, 2 grams agar) yeasted with banana-cultured

yeast. Egg-laying was confined to the food surface. In cases where

moisture collected on the walls of the vials, examination showed that

no eggs were laid in this moisture.

Females were allowed to lay eggs for a 24-hour period on any one

spoon, a record was made of the number of eggs laid, and a fresh

spoon supplied for the next 24-hour period.

To detect any differences between females ovipositing at a tem-

perature other than that at which they were bred, and those ovipositing
at the respective temperatures at which they were bred, the experi-

ments were arranged as follows:

(1) Females were bred at 16 C, 20 C, 25 C., and 28 C., and

allowed to oviposit at the same temperatures.
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TABLE I

Averaged data for the total eggs laid up to the end of an elapsed time. The
number of females averaged is indicated by the numbers between parentheses. The

group numbers at the column-heads correspond to the numbers on the curves of Fig. 1.

Days
elapsed
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(2) Females were bred at 25 C., and transferred to 16 C., 20 C.,

and 28 (\. at which temperatures their eggs were laid.

10 20 30 40
Time in

SO

Days

60 70

FK;. 1. Plots of the data of Table I.

1.

2.

3.

4.

5.

6.

7.

8.
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RESULTS

Since the rate of egg production in tin- fruit-lly changes rapidly

with time (Shapiro, 1932), a convenient comparison of the temperature
effect on egg production is obtained from a plot of the total eggs laid

up to a given time. Table I gives the results for each temperature
of development and egg-laying. In the table, averages of from 4-7

females (as indicated) are used. Averaging is justified because prac-

6 12 18 24 30 36 42 48 54 60 66 72 78

t in days

FIG. 2. Plots of the data presented in Table I, using Shapiro's equation of

t/lnN --= at + b. The curves in the upper half of the figure are for females ovi-

positing at the same temperatures at which they were bred. The curves in the

lower half of the figure are for females that were bred at 25 C. and transferred to

i In- DI lici temperatures to oviposit.

tirally identical curves are obtained for each female ol any one

experiment.
The data of Table I are shown graphically in Fig. 1. Although all

the curves an- sigmoid in shape, their central portions may reasonably
be con>idered linear. By disregarding the curved initial and final
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portions, which in all the experiments (except perhaps at 16 C.)

represent very small fractions of the total number of eggs laid, we

may use the slopes of the linear portions of the curves as the char-

acteristic rates of egg-laying at the various temperatures.
The curves in Fig. 1 are grouped in pairs, representing the two dif-

ferent experimental set-ups at each temperature (cf. under
" Methods"

above). The two curves at each temperature can be seen not to

differ significantly from each other, indicating that the rate of egg-

laying is independent of the temperature at which the females were

bred, and depends only on the one at which the eggs are being laid.

2.1

/.o
.00332 .00335 .00341 .00346

T
FIG. 3. Arrhenius plot of the data presented in Fig. 1. The number of eggs

laid per day is calculated from the straight-line portions of the curves of Fig. 1.

The variation between the two curves (5 and 6, Fig. 1) for 25 C. is

probably due to the fact that the two sets of females have different

pedigrees.

Shapiro (loc. cit.) had shown that when the ratio t/lnN, where /

is the number of elapsed days of egg-laying, and N the number of

eggs laid at the end of time /, is plotted against t, a straight line is

obtained. Shapiro expressed this linear relationship by the equation

t/lnN = at + b, where a and b are constants. The same plots of

t/lnN as ordinate against / as abscissa were made with our data, and
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the curves are shown in Fig. 2. Straight lines are obtained at each

temperature, indicating that whatever relationship the equation repre-

sents remains constant when the temperature is varied.

Figure 3 represents a plot of the logarithm of the rate of egg-laying

against the reciprocal of the absolute temperature. The rates of egg-

laying were obtained from the slopes of the linear portions of the

curves given in Fig. 1 and are expressed as eggs per day. The straight

line joining the points in Fig. 3 seems to show that the Arrhenius

equation applies in this case, and that the rate of egg-laying is a

function of temperature in the same manner as are the rates of many
chemical reactions.

CONCLUSIONS AND DISCUSSION

The regularity of the data at the different temperatures indicates

that the mechanism of oviposition in Drosophila melanogaster may be

u-rful for further study. The applicability of both the Shapiro and

the Arrhenius equations further indicates that the underlying factors

of oviposition are uniform in their action.

The rate of oviposition has been used by Dobzhansky (1935) with

D. pseudoobscura as an indicator of differences between geographic
stocks. It has been used to measure physiological effects of genes

(Alpatov, 1932) on the assumption that different Mendelian characters

affect differently the developmental period of the fly.

The question arises as to what determines the total egg production

throughout the life of the fly. Does it start out with a fixed amount
of egg-material available for egg production, the rate of egg-laying

being a measure of the rate of consumption of this material, or does

the amount of available egg-material vary with the temperature under

which the flies are bred, the rate of oviposition being a measure of

the operation of some other factor or factors?

The data at hand are not adequate to answer the question spe-

cifically. However, examination of Fig. 1 shows that although the

total numbers of eggs laid by the females at 20 C., 25 C., and 28 C.,

tend to approach the same asymptote, there is nevertheless a small

likelihood that the curves for 16 C. will reach the asymptotes of t he-

curves for the flies laying at the higher temperatures. Furthermore,
the curves for flies bred at 25 C. and 16 C. respectively, and both

laying eggs at 16 C., show identical trends as regards rate. The
hit t IT fact would indicate that the available egg-material does not

enter as a factor in this case. At the higher temperatures, however,
tin- tendency for all the curves to approach the same asymptote seems

to show that the available egg-material may be a limiting factor for

the-e tlio.
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The egg-laying process as a whole must involve at least four

components: first, the feeding habits of the females; second, the pro-

duction of secondary oocytes; third, the accumulation of stored ma-
terials in the growing egg; and fourth, the physiological reaction of

oviposition. It may be possible to separate these processes and study
each of them independently.

SUMMARY

For any given temperature of egg-laying, there are no significant

differences in rate of oviposition between females that have been

bred at that temperature, and those that have been bred at 25 C.

The rate of egg-laying (as measured by the number of eggs laid

per day) starts low, rises to a maximum, and decreases.

The rate for the middle period of egg-laying is practically constant.

The rate of egg-laying is related to temperature according to the

Arrhenius equation.

LITERATURE CITED

ALPATOV, \Y. \V., 1932. Egg production in Drosophila melanogaster and some
factors which influence it. Jour. Exper. Zool., 63: 85.

DOBZHANSKY, TH., 1935. Fecundity in Drosophila pseudoobscura at different

temperatures. Jour. Exper. Zool., 71: 449.

SHAPIRO, H., 1932. The rate of oviposition in the fruit fly, Drosophila. Biol. Bull.,

63: 456.



THE EFFECTS OF X-RADIATION ON THE REGENERATION
OF THE HVDROID, PENXARIA TIARELLA

WILLIAM O. PUCKETT

(From Princeton University and the Marine Biological Laboratory, Woods Hole, Mass.)

INTRODUCTION

Investigations of the past decade have demonstrated that X-radia-

tion is a valuable tool in studying the process of regeneration in various

animal groups. By means of X-radiation, abnormal conditions have

been produced in the tissues and cells of normally regenerating
structures which result in their failure to regenerate and in this way
light has been thrown on their probable function in the normal process
( >f regeneration. Much work of this type has been done among certain

phyla of the invertebrates. Among these investigations may be

mentioned the work of Curtis (1928) on Planaria; Stone (1932 and

1933) on Tubifex and Turner (1934 and 1935) on Lumbriculns.

Only two papers have reported studies on the effects of X-radiation

on regeneration processes in the ccelenterates. Curtis and Ritter

(1927) state that hydranths of Tubularia crocea fail to regenerate after

exposure to X-radiation and Zawrarzin (1929) and Strelin (1929)

report that regeneration in Pelmatohydra oligactis is inhibited by
X-radiation. Strelin (1929) has made histological studies of non-

regenerating X-radiated forms and states that the failure to regenerate
is due to the destruction of the interstitial cells by the X-radiation.

In the present investigation studies have been made to determine

(1) the- effects of X-radiation on the regeneration of amputated

hydranths of Pennaria; (2) the relative sensitivity to X-radiation of

hydroid tissues as determined by the minimal dosage of X-radiation

necessary to inhibit regeneration and (3) the effect^ <>f X-radiation on

the regeneration of a colony of hydranths in which a portion of the

colony has been exposed to X-radiation with the remaining connected

portion of the colony screened from I he radiation by a lead plate.

The observations on these studies wr
ill be described here. It is pro-

posed to make a histological study of the materials collected in these

experiments with the hope that they can be reported at a later date.

MATERIALS AND METHODS

Colomr- of the hydroid, Pennaria liarella, were used in all the

experimen This form is found growing profusely on the brown alga,
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Fucus, in the vicinity of Woods Hole, Massachusetts, during the

months of July and August. Fresh material was brought into the

laboratory daily and only day-old material was used in the experi-

ments. The hydranths were removed from young branches of the

colony under a dissecting microscope. After radiation the branches

were suspended by means of fine cotton threads in dishes of running

sea water for the duration of the experiment.
The source of radiation was a Coolidge broad focus tube. The

factors governing the radiations were as follows: 120 Kv.P., 5 ma.,

distance from target to material, 19.5 cm. The radiation was un-

filtered. The output of the tube as determined by a standard ioniza-

tion tube was 750 Roentgen units per minute. The only variable

factor was the length of exposure and this will be mentioned in con-

nection with the various experiments.

NORMAL REGENERATION OF HYDRANTHS

The process of hydranth regeneration in Pennaria has been dis-

cussed in some detail by Cast and Godlewski (1903) and Hargitt (1904).

In addition to experimental work, these investigators report histo-

logical studies on the normal regeneration of hydranths of Pennaria

and the reader is referred to these papers for a more detailed account

of the process than can be covered in this paper.

Amputated hydranths of Pennaria are ordinarily regenerated in

36 to 48 hours when the branches are kept suspended in running sea

water at a temperature of around 22 C. Early in the investigation

it was noted that Pennaria tended toward heteromorphic regeneration.

If the pieces under observation were simply laid flat on the bottom of

the dish, the coenosarc, on emergence from the perisarc, came in contact

with the dish and in most cases holdfasts were regenerated rather than

hydranths. Hydranths were regenerated only at the free ends. To
avoid this contact reaction the branches under observation were sus-

pended in dishes of running sea water by fine cotton threads. In this

manner all the cut ends were bathed by sea water and only hydranths
were regenerated, even at the basal end of the stem. As stated above,

new hydranths begin to appear 36 to 48 hours after amputation. Not
all the regenerating hydranths appear in so short a time, but new

hydranths continue to form on cut stems of the branch for a period
of days. Colonies, on the average, were found to regenerate about 70

per cent of their lost hydranths.
If at the end of several days these regenerated hydranths are

amputated, a second regeneration takes place in about the same

period as that mentioned above. This process of re-amputation has
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been repeated for three or four successive times. New hydranths
continue to regenerate.

Morphologically, the process of hydranth regeneration appears to

be fairly simple. Wound closure takes place in six hours, or less, and

appears to be due to an approximation of the cut edges of the crenosarc.

Regeneration processes then set in and 12 hours after amputation the

first indication of a regenerating hydranth is the formation of a knob-

like protuberance by the coenosarc. This protuberance is covered by
a thin layer of perisarc, which is later ruptured when the new hydranth

logins to take form. This bud of crenosarc continues to grow and

tentacles appear about 24 hours after amputation as small evaginated
buds on the body of the hydranth. The tentacles assume their normal

length by new growth. The proboscis appears to form as an evagina-

tion from the distal end of the bud, and late in the process of regenera-

tion the mouth opening breaks through. Regeneration is complete
36 to 48 hours after amputation.

X-RADIATED BRANCHES OF PENNARIA

The following experiment was carried out to determine the effects

of X-radiation on hydranth regeneration in Pennaria, and to obtain

data as to the relative sensitivity of this hydroid to X-radiation, as

compared with various other invertebrates on which similar studies

have been made.

Small branches of Pennaria, possessing, on the average, twenty to

twenty-five hydranths were used in all experiments. The hydranths
were removed under a dissecting microscope and immediately radiated

in small dishes of sea water. In the preliminary experiments dosages
of 750. 1500, 3750, 7500, 10,500, 15,000 and 22.500 Roentgen units

were given to various branches. The results of these experiments
demonstrated that dosages of 10,500 Roentgen units, or larger, com-

pletely inhibited the regeneration of new hydranths. Dosages of

less than 10,500 r retarded the regeneration of hydranths but were not

sufficient to inhibit their formation completely. In all the later

experiments, therefore, the minimal inhibiting dosage of 10,500 r

was used.

It was found that X-radiation did not cause an immediate check

mi regeneration processes in radiated branches, but considerable

wth of fresh tissue took place during the first twelve to eighteen
hours after radiation. As a result, there was the formation of a

rounded bud of fresh tissue at the cut surface of the branch, but these

bud- were never able- to differentiate into new hydranths. Main" of

the-e r.idi.ned ln.mches were kept under observation from {) to 12

day- alter amputation without showing any evidences ot differ-
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entiating into new hydranths. In some cases there was a continued

growth of this new tissue, so that long stolon-like structures, several

millimeters in length, were formed.

Reference to section A of Fig. 1 will show the extent of regeneration
in radiated branches. Here it will be seen that there is a considerable

FIG. 1. Diagram of apparatus used for the radiation of a portion of a Pennaria

colony. Colony A is a radiated control; colony C a screened control; while only a

portion of colony B has been exposed to radiation as explained in text. I. p., lead

plate (cross-hatched); p.d., edge of Petri dish.

proliferation of fresh tissue beyond the point of amputation but this

tissue appears to be powerless to differentiate into new hydranths.
If these non-regenerating branches of X-radiated Pennaria be re-

amputated 4 to 6 days after the first amputation, the above process is

repeated. A proliferation of fresh tissue takes place but there is

never a formation of new hydranths.
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( hher experiments were carried out with branches of Pennaria in

which radiation was made four days prior to the amputation of the

hydranths. In these experiments the results were essentially the same

as described above. A small proliferation of fresh tissue takes place

but in no cases were hydranths ever formed.

The n '-ults of these experiments were clear-cut. Hydranths of

Pennaria tiarella tail to regenerate when exposed to dosages of X-radia-

tion of 10,500 Roentgen units, or more. Smaller dosages retard the re-

generation of hydranths, but fail to check the process completely.
The primary effect here appears to be on cellular differentiation rather

than on cellular proliferation. In many cases, an adequate volume of

fresh tissue is regenerated, but this tissue appears powerless to form a

new hydranth.

Fxi'KRIMENTS IN WHICH A PORTION OF THE COLONY WAS SHIELDED

FROM THE RADIATION

In Pennaria, as in other hydroids, the individual hydranths are

< onnected by a common coenosarc and share a common circulation by
means of a ccelenteron. The question arises as to what will be the

effect ot X-radiation on the regenerative abilities of a colony if a

portion of the colony is exposed to the radiation while the remaining

portion of the colony is shielded from the radiation by a lead plate.

Will toxic substances or so-called
"
necrohormones

"
be formed in

the exposed portion of the colony and then pass over to retard or

inhibit hydranth regeneration in the- screened region? On the other

hand, will the protected members of the colony exert any sort of

influence on the non-regenerating X-radiated portion of the colony so

as to promote regeneration in this region?

To test these possibilities the following experiment was carried out.

A small Petri dish was fitted with a one-quarter-inch lead plate so

thai one-half of the surface of the dish was covered and the other half

exposed to the radiation as shown in Fig. 1. The inner surface of the

plate was bent into the shape of a flange extending to the bottom of

the dish so as to prevent a scattering of the radiation under the lead

plate. A piece of the central stem of a Pennaria colony (Fig. 1,

colony B) with two lateral branches of approximately equal size, and

from which all the hydranths had been amputated, was placed in the

dish in a manner such that one branch was exposed to the radiation

while the remaining connected portion was protected 1>\ the lead plate.
< >m- completely exposed colony (Fig. 1. colony A) and one completely
si rei-ned colony (Fig. 1. colony C) were used as controls. The whole

~ei -up, as described above, was given a single exposure to X-radiation

of 10,500 l<oeii[;<en units.
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Briefly stated, the results were as follows: The colony exposed to

the radiation (colony A, Fig. 1) failed to regenerate its lost hydranths,

even after six to eight days after radiation. The colony completely

screened from the radiation (colony C, Fig. 1 ) regenerated its lost

hydranths in 48 hours while the partially exposed colony (colony B,

Fig. 1) behaved as follows: The portion of the colony protected from

the radiation by the lead screen regenerated its lost hydranths in 48

hours, as rapidly and as completely as its control (colony C), while the

exposed portion of the same colony failed to regenerate, even as long

as eight days after amputation. The exposed portion behaved in all

respects like the completely exposed control (colony A). This experi-

ment was repeated several times with the same results.

The results obtained here demonstrate that, for the duration of

the experiment, the effects of the X-radiation are purely local. The
fact that screened members of the colony, although they are con-

nected directly with non-regenerating X-radiated members of the same

colony, regenerate at a normal rate tends to discount the idea that

anything like a toxic material or "necrohormone" is being formed in

the radiated portion of the colony which may be spread throughout
the entire colony. In a like manner, there is no evidence that any

regeneration-promoting substance or material is passing from the un-

radiated portion of the colony over to the non-regenerating branches

of the radiated side. They act as if they were independent of the

unradiated tissue.

DISCUSSION

Considerable evidence is being accumulated to show that one of

the chief biological effects of X-radiation is an effect on cellular differ-

entiation. Histological studies on non-regeneratinglimbs of X-radiated

Amblystoma larvae made by Butler (1933) and Puckett (1936) show

that one of the chief effects of the radiation is to prevent the differ-

entiation of the cells of the limb stump into new limb structures.

Likewise, Henshaw (1935), in his studies on the effects of X-radiation

on the development of the eggs of Drosophila, has found that the lethal

effect of X-radiation on Drosophila eggs is not the result of an inhibition

of cell divisions, but is due to the fact that the new cells that are

formed are powerless to differentiate into embryonic structures.

Death results, not from a cessation of growth processes, but as a result

of the loss of the powers of directive growth and organization.

Although no histological studies have been made on non-regen-

erating X-radiated branches of Pennaria, the effect here appears to

be primarily on differentiation processes. In practically all cases of

radiated branches of Pennaria, a mass of new tissue sufficient to form
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a new hydrarith was regenerated and, in many cases, fresh tissue (if

several times the volume of a hydranth was formed. However, this

tissue appeared to be unable to differentiate into hydranths. It seems

clear that the effect of X-radiation in this case is not primarily an

inhibition of growth but rather an inhibition of the ability to differ-

entiate new structures.

The observations made here also demonstrate that the effect of

X-radiation is a local one on radiated tissue. The fact that exposed

portions of a colony of hydranths fail to regenerate after exposure to

X-radiation, while connected portions of the same colony, screened

from the radiation, regenerate at a normal rate supports the statement

above. This evidence seems to show that the tissue fluids of the colony
are little affected by the radiation. The various members of the

hydroid colony are connected by a common coenosarc and have a

common circulation in the nature of a coelenteron. If the tissue

fluids exposed to the radiation were affected they should, in some way,
affect the regeneration of the protected hydranths. This does not

appear to be the case.

This latter observation agrees*with and substantiates the observa-

tions of Butler (1935) in his studies on the effects of local radiations on

the regeneration of the Amblystoma limb. He found, to mention a

single experiment, that if the body of the larva be radiated with the

limb screened from the radiation, then regeneration was not interfered

with. On the other hand, if the body of the larva was screened and

the limb exposed to the radiation, then the limb failed to regenerate if

amputated. This, and a series of other experiments, showred con-

clusively that the effect of X-radiation was a local one on the cells of

the limb, rather than on the general body fluids such as the blood or

lymph. The hydroid experiments appear to confirm his belief in a

purely local effect of X-radiation.

SUMMARY

Regeneration of amputated hydranths of ihc hydroid, Peunnria

liarella, has been prevented by exposure to X-radiation.

The minimal dosage of X-radiation necessary to inhibit hydranth

regeneration has been determined.

The effect of X-radiation appears to be primarily on cellular

differentiation, rather than on cellular proliferation. In all cases an

appreciable amount of fresh tissue regenerated, but this tissue appeared

l>o\verless to differentiate into new hydranths.
X-radiation of one portion of a single colony of Peunaria with the

remaining connected portion of the same colony protected from the
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radiation by a lead screen, indicates that the effects of radiation are

local. Exposed portions of the colony failed to regenerate new

hydranths, while protected portions regenerated new hydranths at a

normal rate.
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THE QUANTITATIVE DETERMINATION OF
MITOTIC ELONGATION

LEON CHURNEY >

(From the Department of Zoology, University of Pennsylvania, and Marine Biological

Laboratory, Woods Hole)

This is the first of a series of investigations dealing with a specific

pha>e of cell division, the elongation which occurs when a cell divides.

The normal elongation of the cell may be defined as follows: the spon-
taneous extension that ensues upon the increase in length of thediaster,

and which is climaxed by the cleavage of the cell. Measurements

have been made of the magnitude of this extension, and time-elongation

relationships established. The present paper is concerned only with

the normal process; future experiments have been planned to test the

effects of various physical and chemical factors. Some of these experi-

ments have been partially completed.

Because the process of mitotic elongation is essentially of a kinetic

nature, involving changes in cell structure with respect to time, it

can be studied best in the living material. It was not feasible to

employ the methods of fixation and staining in order to determine the

morphological changes. Nevertheless, an attempt was made to insure

an adequate correlation between structure and function. This was

done by selecting material that would show the cell structures most

clearly in the living animal.

In this respect the egg of the common sea-urchin, Arbacia punctu-

lata, possesses certain advantages. The achromatic figure (diaster)

is well-defined in the living material and indicates distinctly the

future axis of elongation. Since the egg is not always exactly spherical

prior to the period of elongation and cleavage, the clear bipolar

^-pindle serves to indicate, and allows one to measure, that particular

diameter of the egg that will coincide with the future axis of elongation.

Another advantage is to be found in the fact that the t\vo blastomeres

le-ulting from the first cleavage never separate entirely. This pre-

I'lnrle-, any errors arising from a shifting or twisting of t he blastomeres

that might otherwise occur.

i )|)|"ni unit v is here taken to thank Dr. I.. V. I Icilbrunn for his valuable

I criticism during the course of this investigation.
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The manner of procedure is exemplified by Experiment C of

Series A. The particular egg used in this experiment was fertilized

at 3 :02 P.M., and the first measurements of the diameter were made at

3:45 P.M. just prior to the onset of the elongation. The average
value for the egg diameter was 74.9^. Successive elongations (column
7 as computed by subtracting the initial from the final readings)

were measured with a filar micrometer, and the "times" (column 4)

corresponding to the readings were "tapped out" on a key connected

SERIES A
Mitotic elongation of Arbacia eggs with fertilization membranes.
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maximum diameter that it will reach during the elongation. In other

words, given two eggs of different diameters, nothing can be predicted

concerning which of them will attain the greater diameter during
division. Tin average length of the major axis of the eggs when in

the state of maximum elongation is 82.0 db 0.332^.

The experimental temperatures (see Tables I and II) ranged from

22.2 C. to 26.0 C., a variation of 3.8 C. The variation for any one

experiment was always less than 1.0 C. Some preliminary experi-

ments conducted at low temperatures (7 C.-10 C.) indicate that

this process may have a high temperature coefficient. It is indeed

unfortunate that the temperature could not be more uniformly con-

TABLE I

Mitotic elongation of Arbacia eggs with fertilization membranes.

T. -iii-

tii re
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variable factors; and, (2) the difficulty- especially during the first

stages of the extension -of knowing if one is measuring the maximum
(or true) elongation, or a lesser diameter resulting from the fact that

the plane of the spindle may not be exactly parallel to the plane of

the slide. As cleavage progresses, the position of the furrow and

the occurrence or nonoccurrence of slipping-over of the blastomeres

provide criteria of the above source of error. Whenever such a

slipping-over took place, the experiment was discarded. Moreover,
rotational movements of the egg occasioned by the limiting fertiliza-

tion membrane often proved annoying.
In view of these considerations, another set of observations has

been compiled for eggs whose fertilization membranes had been re-

200

T, seconds

300 400

FIG. 1. Elongation of eggs having fertilization membranes. Open circles, Type A
;

solid circles, Type B.

moved by vigorous shaking some 1-4 minutes after insemination.

No deformities resulted.

A typical record is shown in Experiment C of Series B ; and Table 1 1

gives the measurements for 38 cases. The average diameter of the

spherical eggs is 73.5 0.171 IJL, and following elongation the average
maximum diameter of these eggs, whose fertilization membranes have
been removed, is 102.3 0.434

/j.. Comparing the probable errors

for all eggs, independent of the experimental conditions, one notes

that the probable error for eggs under conditions of maximal activity

(if one may so characterize the period of elongation) is much greater
than the probable error for the diameters of the eggs while still

spherical. That is to say, the variations found for the period of
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elongation are not determined by the variations among the original

diameters. Since Table II presents a greater number of cases than

Table I (38 as against 27), it would be expected that the probable
error of the former would be less than that of the latter. This is

true for the measurements made on spherical eggs: the probable errors

for the original diameters being 0.224 for Table I, and 0.171 for

SERIES B
Mitotic elongations of Arbacia eggs without fertilization membranes.
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of the elongation. As has been previously shown, not only does the

fertilization membrane prevent the determination of time-elongation

relationships, but it also prevents the determination of the true

(maximum) extension.

In these experiments on eggs without fertilization membranes the

time-elongation curves were all of one type: possessing a single maxi-

mum
;
and their slopes were much more in conformity with one another.

The two curves in Fig. 2 show quite different maximum elongations,

TABLE II

Mitotic elongation of Arbacia eggs without fertilization membranes.

Tem-
pera-
ture
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sarily synchronous processes). The slight rise shown during this

period was not found in every case studied, hut its occurrence was so

frequent and definite that it has been plotted as such, and not smoothed

out. This "incipient" stage is the most interesting, and yet the most

difficult stage to determine. It is hoped that future experimentation

will furnish a more lucid analysis.

The second stage is marked by the rapid ascent <>1 the curve and

its completion coincides with the pulling-apart of the daughter-cells

(they are actually always contiguous). Some lime before reaching

the peak the steeply-rising curve shows a decided inflection; from this

point the curve approaches the maximum much more slowly. The

100 200 300 400

T, seconds

500 600 700

FIG. 2. Elongation of eggs after removal of fertilization membrane. Open circles,

max. AX = 30. 7/j.; closed circles, max. Ax = 22.9ju.

inflection indicates the time when the resisting influence of the hyaline-

plasma membrane enters the picture. One may observe folds and

wrinkles in this membrane at this period, and these probably indicate

tension. Because of the fear of straying too far from the physiological

picture, no attempt at removing this membrane was made it can

readily be removed by repeated washings in an isotonic (0.5.^M)

potassium chloride solution.

The ( nrves that have been plotted of normal eggs (with and with-

out lei tili/ation membranes) are to be used as a standard. Experi-
mental work on the effect of various agents on the l itne-elongation

eur\e- an- now in progress. It is hoped that this method of attack
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will ultimately' contribute to our knowledge of one phase of cell

division; namely, the process of elongation.

The final feature of the curve is the "recovery," and is of no

particular interest except to show that, at least for the length of time

observed, the egg does not return to its original diameter.

SUMMARY

For the experimental temperatures (22.2 C.-26.0 C.), curves

have been plotted to show the course of mitotic elongation in the

Arbacia egg at first cleavage. For eggs possessing fertilization mem-

branes, the elongation is 11.5 per cent (i.e., an egg 74.0 /JL
in diameter

elongates to 82.5 n}. When eggs are divested of their fertilization

membranes, the elongation is 39.4 per cent or, an egg 74.0 // in

diameter elongates to 103.2 /JL. The data obtained are being used as a

basis for further experimentation.



RESPONSE TO LIC.HT IN PERAXEMA TRICHOPHORUM

I. RELATION BETWEEN DARK-ADAPTATION AND SENSITIVITY

TO LIGHT

S. O. MAST AND BKAINARD HAWK
f-'r<>m the Zoological Laboratory of the Johns Hopkins University)

INTRODUCTION

It is well known that if photosensitive animals are subjected to

darkness they become more sensitive to light, but there is much di-

versity of opinion concerning the relation between the time in darkness

and the extent of change in sensitivity.

Hecht (1919, 1927) concludes that in Mya areuaria, Pholas dactylus,

dona intestinalis and Homo sapiens, as the time in darkness increases,

the sensitivity increases at first rapidly, then slowly, until it reaches

a maximum, and then remains constant. Similar conclusions were

reached by Obreshkove (1921) for Rana clamitans, Folger (1925) for

Amoeba proleus, Crozier and Wolf for AgrioHmax campeslris, and

Hart line for Limulns polyphemus.

Dolley (1929) found in observations on Eristalis tenax, that as the

time in darkness increases, the sensitivity increases to a maximum in

about sixty minutes, then remains nearly constant for two hours, then

decreases rapidly to a point lower than that which obtains for light-

adapted specimens.

Mast (1932) maintains that in \'oh'o\ the relation between sensi-

tivity and dark-adaptation depends upon the extent of preceding illumi-

nation. He says that if colonies have been in strong light one or two

hours before they are subjected to darkness the sensitivity increases to

maximum in approximately sixteen minutes and then decreases, but

that if they have been in strong light nine hours the reverse obtains, i.e.

it decreases to minimum in approximately sixteen minutes and then

increases.

MATERIAL AND METHODS

The Peranemce used in the observations described below were cul-

tured in the laboratory. About 250 cc. pond water and 2 grams of beef

-net \\ere put into each of several finger bowls. The finger bowls were
I IK 11 covered and left one week or more after which a few Peranemce
\\ere added to each. The Peranemce in these cultures became very

408
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abundant in a week and continued in good condition for a month
or more.

The observations were made in a basement darkroom in which the

temperature was 21 4 C. A 1000-watt, 120-volt projection lamp
was mounted in a ventilating shaft in front of an opening 2 cm. square.

This lamp was in a circuit maintained at 1 10 volts, by means of variable
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FIG. 1. Graph showing the effect of dark-adaptation on sensitivity to light in

Peranema trichophorum. Each point on the curve, except the last two, represents the

average reaction-time for 15 to 17 tests. The last two represent the average for 3

tests each (see Table I).

resistance. A small ruby lamp was mounted in front of the microscope
a little above the beam of light from the 1000-watt lamp. The light

from the two lamps wras, by means of a front surface silvered mirror,

reflected up through a compound microscope which had no substage

condenser. The intensity of light from the 1000-watt lamp was, on

the stage of the microscope, 2,000 meter candles. The red light from

the ruby lamp was very weak.
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A shutter and a 4 cm. glass heat screen, filled with water, were

mounted in the beam of light near the shaft. The shutter contained a

sliding panel with two opaque plates and an opening 3 cm. square

between them. This panel was mounted in a frame in such a way
that it could be readily raised and released by means of cords which

extended to the microscope. It had a 50-gram weight attached to

the bottom to increase the rate of fall.

TABLE I

Relation between dark-adaptation and sensitivity to light in Peraiiema tricho-

plioruni. Different individuals were used for each observation. The intensity of

the light used was 2,000 meter candles.

Series
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watt and the ruby lamps were turned on, the panel raised (so as to

intercept the light from the 1000-watt lamp), one of the slides trans-

ferred to the stage of the microscope and the Peranema brought to focus

in the red light. The Peranema was then suddenly exposed to light

from the 1000-watt lamp by releasing the panel and the time required

to induce a response measured. This was repeated with each of the

other Peranemcc on the slides after having been in darkness different

periods of time. These specimens were then discarded. This whole

process was repeated four times. In four of the five series of observa-

tions the time in darkness extended to six hours and in one to twenty-
four hours.

The response in Peranema to sudden increase in luminous intensity

is marked and precise. It consists of sharp deflection of the anterior

end of an "all-or-none" type. This made it possible to measure the

reaction-time fairly accurately.

The cultures were kept in a north window. The experiments were

made in April and May and each one was started about 2 o'clock in

the afternoon. The Peranemcc used in all the experiments w
rere there-

fore thoroughly adapted to fairly strong diffuse daylight when they
were taken to the darkroom.

RESULTS

The results obtained are presented in Table I and Fig. 1.

Table I shows that there was remarkably little variation in the

reaction observed in the different individuals used. The probable
error was only 0.18 to 3.88. This table and Fig. 1 show that as the

time in darkness increased, the reaction-time decreased to a minimum
in about one hour, then increased to maximum in about three hours

and then remained nearly constant for at least twenty hours.

SUMMARY

If light-adapted specimens of Peranema trichophorum are subjected

to darkness, the sensitivity to light increases rapidly to maximum (as

the time in darkness increases), then decreases slowly to minimum
after which it remains nearly constant. The sensitivity reaches

maximum after about one hour in darkness and minimum after about

four hours.
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PULSATION OF BLOOD VESSELS IN OYSTERS,
OSTREA LURIDA AND O. GIGAS l

A. E. HOPKINS

U. S. BUREAU OF FISHERIES

Blood vessels are recognized to undergo frequent changes in diam-

eter as a result of activity of muscle fibres in their walls. The capil-

laries of vertebrates, although of relatively simple structure, are highly

variable, due to the reactions of "Rouget cells" along their walls

(Krogh, 1922). Similar cells were described by Parker (1923) in an

annelid, Nereis. In this species Federighi (1927, 1928) described the

structure of the pulsating dorsal blood vessel and "hearts" as being
activated by cells ranging from simple stellate form to typical smooth
muscle cells.

In lamellibranchs, however, few blood vessels are found which

have the definite and characteristic walls possessed by annelids as well

as vertebrates. Most of the circulatory system consists of relatively

indefinite spaces within the tissues. Even an endothelium appears to

be lacking save in such vessels as those in the gill filaments (Kellogg,

1890).

Description was recently published (Hopkins 1934a, 19346) of a

pair of large peripheral vessels, or "accessory hearts," in the walls of

the mantle which pulsate rhythmically. This finding is of interest in

view of the general absence of definite walls in the peripheral vessels.

The present study was made for the purpose of throwing some light

on both the structure of pulsating vessels and their mode of activity.

At the time of writing this paper a publication (Elsey, 1935) has

just appeared which interprets the activity of the "accessory hearts"

as pumping blood from the gills and circumpallial arteries into the

auricles. Elsey stated (p. 149), "Although it has not been possible
to trace the direction of the blood in the pulsating organs, the fact

that they are, through their connection with the pallial veins, in

communication with the auricles, leaves scarcely any doubt that part
of the blood from the gills and circumpallial blood vessels passes

through them toward the heart and that subsequently this blood with

that of the main pallial vein is forced by contractions of the accessory

pulsating organs into the auricles."

1 Published by permission of the Commissioner of Fisheries.

413
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PULSATING VESSELS IN OSTREA LURIDA

Observation of the activity of blood vessels in the mantle of the

intact oyster is difficult because of the heavily calcified shell. The

accessory hearts were made visible by sawing away portions of one

valve, allowing the mantle to curl hack over the cut edge. However,
this method did not permit microscopic examination by transmitted

light whereby it would be possible to observe the movement of blood

corpuscles.

-R

FIG. 1. Ri^'hl mantle of oyster about 1 cm. in diameter as seen by transmitted

A, accessory heart; B, waste canal; I'., excretory organ; G, outline of under-

lying gills; //, heart; M, adductor muscle; P, circumpallial sinus; R, radial vessels;

V, visceral mass.

In order to make such a study, glass plates were placed upon

oyster grounds near Olympia, Washington, and the oysters which

caught on them were allowed to grow to diameters ranging up to

about two centimeters. A plate could be placed directly upon the

stage of the microscope, the upper (right) valve of the specimen

scraped clean, and the tissues observed uninjured by means of a

bright transmitted light. Oysters about one centimeter in diameter

were most satisfactory, for at this size the valves are not sufficiently

calcified to render them opaque.
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At the beginning of the study of such material il was a great

surprise to the observer to see not only the actively pulsating heart

and accessory hearts, but also a great number of smaller vessels

pulsating with a slow but pronounced rhythmicity. One gets the

impression that the entire mantle is involved, so numerous are the

vessels and so distinct the waves of pulsation along them. Elsey

(1935, p. 148) mentioned that, "Observation of young oysters from

1 to 2 millimeters in diameter showed that many of the radial blood

vessels at this early stage pulsate in a manner quite similar to the

accessory pulsating organs of the adult."

A drawing (Fig. 1) is reproduced to show the vessels of the right

side of a specimen about one centimeter in diameter. At this size the

general anatomy is that of the adult oyster. The heart lies just

anterior to the adductor muscle. In the wall of the mantle the

excretory organ (organ of Bojanus) adjoins the posterior and ventral

borders of the muscle and extends forward under the pericardium.

The accessory heart proceeds dorsally from the posterior portion of

this organ. Radiating from the region of the adductor muscle and

excretory organ, and anteriorly from the visceral mass, are a great

many well-defined bands (R). Each one of these consists of a bundle

of muscle fibres, the retractor muscles of the mantle. Each bundle of

fibres appears to be associated with and partially surrounded by a

blood vessel which pulsates rhythmically (Fig. 2).

Another active vessel is associated with the waste canal (B), which

runs as a prominent band from near the labial palps at the anterior

end to a point near the ventro-posterior edge of the mantle, where it

becomes continuous with one of the radial vessels. The epithelium
of the waste canal is ciliated, the cilia beating posteriorly while those

of the adjoining mantle surface beat toward this band. The waste

canal is both structurally and functionally identical to similar organs
found particularly in lamellibranchs with well-developed siphons

(Kellogg, 1915), though in the case of Ostrea lurida the edges are not

as prominently erect. In O. gigas, the structure seems to have

disappeared entirely. Associated with the waste canal throughout
most of its length, except near the anterior end, is a blood vessel

which may be observed to pulsate.

All of these vessels, including the accessory hearts, open peripherally

into the vessel which runs around the margin of the mantle lobe.

In some species such as 0. angulata (Leenhardt, 1926) and 0. gigas

(Hopkins, 1934) this vessel may correctly be called the pallial or

circumpallial artery, for the heart pumps blood directly into it. In

O. lurida, however, it would appear more correct to call it the circum-



416 A. K. HOPKIXS

pallial sinus. Although a great many attempts were made to inject a

colored solution into this vessel by way of the ventricle, as is readily

possible with (). gigas, no success was had. Also, branches of the

aorta spread fan-like into the mantle tissues of 0. lurida though not

of O. gigas. In the latter species the circumpallial vessel is very

large and prominent anteriorly and relatively small along the posterior

border. In fact, even in the shells of large specimens the imprint of

this structure may be seen as a shallow groove. In the former species

iififti
!!<.. 2. Drawing of portion of inner surface of left mantle showing radial hands

of muscle fibres associated with radial vessels (R). B, posterior end of waste canal;

P, circumpallial sinus; T, tentacles.

the vessel is prominent posteriorly and seems almost to disappear at

the anterior end.

Whether the circumpallial sinus also pulsates independently is

not clear, though its diameter changes tremendously as waves ot

pulsation pass over the radial vessels. It appears probable that this

vessel also is active since it is similar in structure to the others as well

as continuous with them.
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In a previous work (Hopkins, 1934) in which the accessory hearts

were described, it was stated that the wave of pulsation originates at

the central end, where the accessory heart joins the kidney, and

travels slowly distally. At that time the observer was unable to

watch the actual movement of blood corpuscles. The small specimens
of 0. lurida, attached to glass, gave opportunity to determine the

direction of flow of blood during pulsation.

As indicated in Fig. 1
,
the accessory heart is directly continuous

with the tissues of the excretory organ. The latter consists of a sinus

in which the nephridial tubules are suspended. Blood corpuscles may
be seen moving about in the blood spaces of the excretory organ and

into the accessory heart. A wave of contraction starts apparently
within the excretory organ itself and extends outward along the

accessory heart forcing the blood rapidly ahead of it. As relaxation

occurs corpuscles may be seen entering the accessory heart from both

distal and proximal ends, indicating the absence of an effective system
of valves. In some cases relaxation involves a definite flow of blood

back into the excretory organ, though such does not seem to be

typical. This reversed direction of flow is probably traceable to

pressure in the circumpallial sinus created by discharge into it of

other vessels.

The activity of .the radial vessels is essentially similar to that of

the accessory hearts in that the wave of constriction and the most

rapid flow of blood originate centrally and travel to the periphery of

the mantle. Absence of valves permits considerable return of blood

on relaxation.

Because of the difficulty of seeing fine details, the origin of blood

entering the radial vessels is still not clear. At least some of those

in the posterior region definitely receive blood from the excretory

organ, as in the case of the accessory heart. Prominent corpuscles

have frequently been observed to enter the excretory organ on re-

laxation of the accessory heart and proceed distally through a neigh-

boring radial vessel. However, the tissues of the whole region of the

mantle in the vicinity of the adductor muscle and excretory organ
consist of a network of irregular blood spaces which are continuous

with the radial vessels and probably also with the excretory organ.

While blood in these pulsating vessels may be observed to move
back and forth, according to the phase of pulsation, non-pulsating

pallial veins may be observed in the same region which are returning

blood from the mantle directly to the auricle. Blood in these veins

moves only in one direction, in a periodic manner due to activity of

the heart. These veins are clearly defined and entirely different from
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the pulsating ve.-.-el-, and they are adjacent to the outer surface of

the mantle next to the shell, while the others are near the inner surface.

Activity of the longitudinal vessel which underlies the waste canal

(Figs. 1 and 2, B) begins anteriorly and travels as a wave of pulsation

which appears to be coordinated with pulsation of radial vessels

crossing it and which in at least some cases are continuous with it.

Blood corpuscles have been observed to flow from the waste canal

vessel into radial vessels, though there is some flow in the reverse

direction during relaxation. Anteriorly many of the radial vessels

appear to originate in the waste canal vessel, though it is possible

that they may be in connection with more central blood spaces which

are not prominent enough to be seen.

The activity of all of the pulsating vessels appears to be loosely

coordinated. They do not all pulsate synchronously, but rather as if

a progressive wave slowly involves them. It has not been possible

to trace the origin of a wave of transmission from vessel to vessel, and

it is unknown whether the pulsation originates centrally or within the

vessels themselves. Its very slow rate is suggestive of the activity' of

smooth muscle. The rate of pulsation is approximately the same as

that of the accessory heart, and probably identical with it since the

latter appears to be merely the most prominent of such vessels.

The circumpallial sinus is observed with some difficulty because of

the pigmentation of this portion of the mantle. Whether it actually

pulsates is therefore questionable. Blood may be observed to flow

for a few seconds in one direction and then reverse itself, depend-

ing upon the phase of pulsation of the radial vessels. The pulse to

be observed is that of the radial vessels and accessory heart and is

much slower than that of the systemic heart.

The observations described above were made primarily upon small

oysters, or "spat." However, these active vessels are not confined to

the small specimens. They have been observed in adult oysters as

well, though in this case the movements of Mood corpuscles were not

readily observable. By removing the right valve of an adult specimen
and allowing the right mantle lobe to curl up out of the way, it was

possible to observe the activity of vessels in the left lobe of the mantle.

The radial vessels are clearly associated with the radial retractor

muscle bundles of the mantle. In Fig. 2 is a drawing of a por-

tion of the mantle showing the posterior end of the waste canal

and the radial muscle bundles and vessels. It will be noted that the

muscle bundles are covered with and partly MIM minded by the Mood
These structures stand up as pronounced ridges on tin- inner

mantle surface, particularly when the vessels are in the expanded
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condition. The vessels are larger distally than centrally and receive

numerous small vessels, not shown in the figure.

INDEPENDENT ACTIVITY OF ACCESSORY HEARTS

The question arose as to whether the rhythmicity of such peripheral

vessels as accessory hearts originates centrally or within the organs

themselves. It was found in a previous work (Hopkins, 1934) that

the rate of pulsation of the accessory hearts in 0. gigas is roughly

about one-third that of the heart. It is reasonable to assume that the

rate of activity of such distal vessels would be dependent upon the

rate at which they fill with blood, since stretching smooth muscle

characteristically stimulates contraction. However, it would be

interesting to determine if pulsation occurs at all when the organs are

separated from the systemic circulation.

For this purpose use was made of large Japanese oysters (0. gigas),

in which the accessory hearts are 30 to 40 millimeters long. A speci-

men was removed from its shell, and a portion of the mantle wall of

the cloacal chamber, including an accessory heart and a portion of

the distal end of the gills, was excised. This was kept in running

sea water. When the mantle was cut all of the blood vessels as well

as the retractor muscles became contracted. The accessory heart,

which had a diameter when expanded of 3 or 4 millimeters, contracted

to about one millimeter in thickness.

The specimen remained in the contracted state for from 36 to 48

hours before the accessory heart showed any indications of relaxation.

However, as soon as this organ began to expand one could see feeble

pulsating movements occasionally at the distal, uninjured end.

Thereafter it progressively expanded, within about a day, to what

appeared to be the normal diameter, and rhythmic pulsation became
more pronounced and finally included the entire vessel.

Excised portions of mantle like that just described were prepared
in several instances. They lived well as long as they were kept in

sediment-free, running sea water. They have been kept in good
condition for periods as long as 30 days. Death in all cases occurred

as a result either of stoppage of the water supply or the presence of a

quantity of sediment which permitted bacteria to get a foothold.

The specimens were of interest in that they exhibited apparently
normal activity. The tentacles frequently moved and were sensitive

to stimulation by chemicals and touch, and even reacted to a decrease

in the intensity of light. The cilia of both mantle and gills were

active and the latter pumped water. Due to the action of cilia,

specimens moved about all over the dish in which they were kept.

On the outer surface of the mantle secretion of shell was well begun.
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The accessory heart pulsated with a slow rhythm and at a rate

comparable to that of such organs in the intact oyster (Hopkins, 1934).

FIG. 3. Semi-diagrammatic drawing of portion of cross-section of mantle of

Oslrea lurida, showing radial vessel (R) associated with radial band of muscle fibres

t M). I, epithelium of inner, and O, of outer surfaces of mantle; .S', sub-epithelial
matrix of connective tissue and smooth muscle fibres.

FK;. 4. Two port ions of wall of expanded accessory heart of O. gigas. /'-, epithe-

lium; C, connective tissue cell; Af, smooth muscle cells.

After the excised portion had become well adapted, the wave <>t

pulsation was obviously from the- central to the distal end. The rate
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of transmission of the wave as measured over a length of about 30

millimeters was generally from 4 to 8 millimeters per second at 12 to

15 C., though actual contraction was not completed for 3 to 4 seconds

more. Such a slow rate of conduction compares favorably with the

rate of 5 to 20 millimeters per second given by Clark (1927) for

conduction by the plain muscle of the frog's stomach at 15 C.

STRUCTURE OF PULSATING VESSELS OF MANTLE

The high degree of active pulsation exhibited by the numerous

blood vessels in the walls of the mantle is surprising in view of the

indefinite nature of most peripheral blood channels in lamellibranchs.

It is generally known that the main arteries break up into blood spaces

within the tissues. After observing the activity of the mantle vessels,

it was thought likely that microscopic study would show them to be

definitely walled, regular vessels, similar to the "hearts" of Nereis,

with an endothelium and circular muscle fibres.

Serial sections were made of entire Olympia oysters (0. lurida)

and of one of the isolated portions of mantle described above. Sections

were stained either with Ehrlich's haematoxylin or Heidenhain's iron

haematoxylin, with eosin as counterstain.

The epithelium of the inner mantle surface is simple, consisting of

a single layer of cells which vary from very thin to semi-columnar.

Goblet-cell mucus glands are abundant and some of the cells, chiefly

the longer type, are ciliated. Underlying the epithelium is a matrix

of connective tissue in which numerous smooth muscle cells may be

seen (Fig. 3).

The sub-epithelial tissue appears as a loose network in which open

spaces of all sizes and shapes with indefinite boundaries occur. These

are the blood spaces or "vessels." Normally fixation of a specimen
results in the contraction of many of these spaces, in which case one

can see no histological indication of what was, in the expanded condi-

tion, possibly a prominent radial vessel. Most of the sections across

the radial vessels (Figs. 2 and 3) show well the bundles of radial

muscle fibres, but only occasionally is the cavity of the blood space

thoroughly open. Kellogg (1890) figured the accessory hearts in

cross-section but described them as ridges, probably because the

contraction resulting from fixation left no remaining cavity. Yet at

least the larger of the vessels are obviously definite in location. The

spaces may not be seen when in a state of contraction only because of

the absence of well-formed walls.

Sections of the accessory heart (Fig. 4) of one of the isolated pieces

of mantle, fixed in a state of complete expansion, show more clearly
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the location and mode- of functioning of the sub-epithelial smooth

muscle fibres. The cavity of the vessel appears to be in the middle

of the network of tissue so that when expanded the outer wall is

suggestive of a well-defined structure. The muscle fibres appear to

run in all directions. In certain cases it has been thought that an

endothelium was present, but this was probably only the connective

tissue fibres stretched by expansion of the vessel. Frequently one

may see either muscle fibres or strands of connective tissue extending

across the cavity of an expanded vessel. Elsey (1935) considers the

sub-epithelial muscle fibres of the accessory hearts to constitute

circular muscle. This may be correct, but it is possible that such an

appearance may be due only to the expansion of the vessels and

consequent stretching of fibres.

DISCUSSION

Activity of blood vessels is generally associated with a definitely

walled structure of a specific nature, as in the typical arteries, veins,

and capillaries. Lacking such structure and consisting only of

irregular spaces within the tissues, the blood channels of the oyster

are subject to changes in diameter of a rhythmic nature which result

in producing a flow of blood within the tissues of the mantle. It

would seem hardly probable that such pronounced rhythmic activity

of peripheral vessels as that described above is a peculiarity of oysters

alone, or even of lamellibranchs.

The inner surfaces of the mantle of lamellibranchs, with their rich

supply of blood spaces, are commonly considered to constitute the

principle organ of respiration, while the gills function largely in the

feeding activity and have a relatively slight blood supply. On

observing under proper conditions the flow of blood through the

spaces in the tissues of the mantle of Ostrea lurida as influenced by

rhythmic contractions of the relatively unformed and indefinite

vessels, one readily agrees that the mantle may constitute the primary

respiratory organ. Although it would be difficult to observe, it is

considered probable that blood spaces throughout the body of the

oyster are similarly active, for smooth muscle fibres may frequently

be seen near them.

It was suggested (Hopkins, 1934) that the accessory hearts of the

oyster may be homologous to the "gill hearts" of cephalopods, and it

may be that this is the correct interpretation from the evolutionary

point of view. One may think of a particular pair of the active radial

\<-^els becoming larger as they take over more- and more of the

lunctioii of supplying blood to the organs of respiration. In O. gigas
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the radial vessels, with the exception of the accessory hearts, are less

prominent or, at least less readily observed to pulsate, than in 0. lurida.

In the former species the heart pumps blood directly into the pallial

artery into which the accessory hearts also empty, thereby possibly

functioning to supply the tissues of the mantle with the blood required

for respiration. This blood supply is provided in the latter species

primarily by the pulsating radial vessels.

Elsey's (1935) interpretation of the function of the accessory

hearts in 0. gigas is that they pump blood into the auricles, rather

than from the blood spaces of the excretory organs into the circum-

pallial artery, as previously described (Hopkins, 1934). He gave no

evidence in support of the hypothesis save that proximally they
communicate with pallial veins. Although it must be admitted that

the function of these organs is not yet entirely clear, it is difficult to

understand why such large, active structures should be developed in

an organism to pump blood from a large artery (the circumpallial)

directly back to the auricles. However, he did not describe either the

direction of the impulse of contraction or the blood corpuscles in

motion.

The mechanism whereby the gills of most lamellibranchs receive

an adequate blood supply is generally not clear. Grave (1909)

described the mode of circulation through the gill lamellae of Atrina

in detail. Blood enters the reflexed lamellae from a large vein origi-

nating in the kidney and leaves through the direct lamellae. Since

the blood from the ventricle passes first through the tissues of the

viscera before being collected in the spaces of the kidney, it is probable
that a pulsation of the afferent veins of the gills would be necessary
to force the blood through the small vessels of the gill filaments.

Similarly, in Mytilus the arrangement of afferent and efferent

veins of the gills would appear to imply the feeble circulation which

Field (1922) ascribes to them unless the afferent vessels are capable of

pulsation. Kellogg (1890) observed the blood of Area to flow back

and forth through individual gill filaments. Corpuscles were observed

to move outward for about half a minute and then reverse their

direction.

These examples are selected from the extensive literature on the

subject merely to suggest that an understanding of the possible

pulsating activity of afferent branchial veins might result in clearer

ideas of the physiology of lamellibranch gills. Although the accessory

hearts of the oyster may pump some blood into the gills (Hopkins,

1934), it appears that these organs are not the chief source of the

branchial circulation, as pointed out by Elsey (1935). The blood
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vessels of the gills are directly continuous with the large veins to

which they are attached and which return blood from the visceral

mass to the excretory organs. These large veins are difficult to

observe in the intact oyster, but they have frequently been seen to

change their diameter slowly, at times with what appeared to be a

sluggish rhythmicity, suggesting that a back and forth movement of

blood through the filaments might result. Observations by Elsey

(1935) indicate that blood vessels in the principle filaments of the gills

react to stimulation with a consequent reduction in diameter.

The difficulty in detecting pulsation of peripheral blood vessels

may well be due to their very slow rate. A pulsating activity with a

periodicity of several minutes would not be identified as rhythmic,

though it might be as much so as the activity of the heart itself.

In several instances series of stop-watch readings have been taken of

the slow expansion and contraction of the large medial vein to which

the inner gills are attached. Although the exact time of beginning
and ending of any phase could not be determined, the measurements

for a complete contraction at 15 C. vary between 100 and 150 seconds.

Whether this activity constitutes rhythmicity is not established,

though it appears probable.

SUMMARY

1. In the mantle of Ostrea lurida is a series of slowly pulsating

blood vessels.

2. The many radial vessels are associated with the bundles of

retractor muscle fibres of the mantle. The "accessory hearts" appear
to be similar to these, though much larger.

3. The waste canal, a band of tissue running anteroposteriorly in

the ventral wall of each mantle lobe and covered with cilia beating

posteriorly, overlies a pulsating vessel which crosses and is continuous

with many radial vessels.

4. All of the pulsating vessels communicate distally with the

circumpallial sinus, which appears in this species not to be directly

connected with the heart.

5. The vessels described pulsate at a slow rate- and their activity

is loosely coordinated.

6. The wave of contraction of the- radial vessels originates cent rail v

and travels slowly distally, forcing the blood outward into the circum-

p.illial sinus. The pulsation of the vessel underlying the waste canal

appears to begin at the anterior end.

7. The absence of effective valves is shown by the 1 reversal ot

direction of flow of the Mood as relaxation takes place.
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8. The blood supply of the radial vessels appears to come from the

blood spaces of the excretory organs and nearby tissues.

9. Isolated portions of the mantle of 0. gigas, including an accessory

heart, live for weeks, the accessory heart pulsating at approximately
its normal rate. The rate of transmission of the impulse of contraction

is slow, 4 to 8 mm. per second. The activity is compared to that of

vertebrate smooth muscle.

10. The pulsating vessels appear to be indefinite spaces within the

sub-epithelial matrix of connective tissue and smooth muscle, and an

endothelium and other well-defined structures characteristic of formed

blood vessels may be lacking.

LITERATURE CITED

CLARK, A. J., 1927. Comparative Physiology of the Heart. New York.

ELSEY, C. R., 1935. On the structure and function of the mantle and gill of Ostrea

gigas (Thunberg) and Ostrea lurida (Carpenter). Trans, R. S. Canada Sec-

tion V. 1935, pp. 131-160.

FEDERIGHI, HENRY, 1927. The blood-vessels of annelids. Proc. Nat. Acad. Set.,

13: 639.

FEDERIGHI, HENRY, 1928. The blood vessels of annelids. Jour. Exper. ZooL, 50:

257.

FIELD, IRVING A., 1922. Biology and economic value of the sea mussel, Mytilus
edulis. Bull. U. S. Bur. Fish., 38: 127.

GRAVE, B. H., 1909. Anatomy and physiology of the wing-shell, Atrina rigida.

Bull. U. S. Bur. Fish., 29: 409.

HOPKINS, A. E., 1934a. Accessory hearts in the oyster. Science, 80: 411.

HOPKINS, A. E., 1934&. Accessory hearts in the oyster, Ostrea gigas. Biol. Bull.,

67: 346.

KELLOGG, J. L., 1890. A contribution to our knowledge of the morphology of

lamellibranchiate mollusks. Bull. U. S. Bur. Fish., 10: 389.

KELLOGG, J. L., 1915. Ciliary mechanisms of lamellibranchs. Jour. Morph., 26:

625.

KROGH, A., 1922. The Anatomy and Physiology of Capillaries. New Haven.

LEENHARDT, H., 1926. Quelques etudes sur Gryphea angulata (Huitre du Portugal).
Annales de V Institut Occanographique, Nouvelle Serie, 3:1.

PARKER, G. H., 1923. Are there Rouget cells on the blood vessels of invertebrates?

Anat. Rec., 26: 303.



THE PRECISE CONTROL OF GROWTH IN A PURE CULTURE
OF A CILIATE, GLAUCOMA PVRIFORMIS 1

AI.FORDM KTI IERINGTON

(From the Zoology Department, Johns Hopkins University, and the Marine

Biological Laboratory, Woods Hole)

INTRODUCTION

Biologists have long demanded cultures of animal cells for a wide

variety of investigations. In the past the usefulness of protozoans

for biological research has been greatly limited by the necessity of

bacteria for food. None of the larger forms has been grown in the

absence of other life, i.e., pure culture. However, a small number

which can be handled readily as individuals when magnified only a

few diameters under the dissecting binocular microscope has been

recently obtained in pure culture, and some of these have already

proved useful.

The present paper describes a medium which supports extremely

vigorous growth of Glaucoma in pure culture. It presents a quanti-

tative analysis of the characteristics of growth of Glaucoma, and shows

that the control engendered by the culture method permits duplication

of similar experiments as frequently as desired.

IDENTIFICATION

The holotrichous ciliate Glaucoma pyriformis is a facultative para-

site and is capable of growth under strictly anaerobic conditions.

Figure 1 contrasts Glaucoma (a) with Colpidium campylnni (b),

the only ciliate which, in my experience, can cause confusion. Glau-

coma pyriformis is distinguished by a conspicuous oral membrane,

negligible gullet, and a round nucleus. In addition it grows vigorously

in Difco yeast extract, while Colpidium campylnni has never been

grown in pure culture. 2

Dr. Andre Lwoff very kindly compared my animal with his

1 A grant of money from the Brooks Fund defrayed a portion of the cost of this

work.

-The "Colpidium campylum" reported upon by the author in 1932 and 1933.

used at Stanford, and carried to Yale by Dr. Bond, is a typical Glaucoma pyriformis.
A sub-culture of this strain was used by Klliott in his 1935 paper (personal com-
munications from Dr. Jahn and Dr. Bond). Chat ton never achieved the pure culture

of Colpidium campylum (personal communication). The author has tried to grow
this ciliate on the media described in the present paper without success its nutritive

requirements resemble those of Colpidium colpoda.

426
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Glaucoma pyriformis, using his precise silver impregnation method.

He found extremely slight differences in the silverlines. He also

compared Dr. Butterfield's (1929) "Colpidium" with my Glaucoma

pyriformis, finding no appreciable difference.

Dr. A. Kahl also advised me concerning ihe identification of this

ciliate. He identifies it with his Saprophilus oviformis (Kahl, 1926,

1931), apparently synonymous with Glaucoma pyriformis. The species

Colpidium striatum, inadequately described by Stokes (1886), he treats

as a nom. nud.

Unfortunately the taxonomy of this species is not settled as yet,

so the most well-known name is used here.

FIG. 1. a, Glaucoma pyriformis (Ehrb.) Schew.: 47/u. b, Colpidium campylum
(Stokes) Bresslau: 55/j..

MATERIALS AND METHOD

General

The temperature for all experiments varied between 24.2 and

25.2 C.

Bacteriological methods for sterilization of apparatus and manipu-
lation of organisms (flame technique) were used. A method for

sterilizing protozoans has been reported (Hetherington, 1934o).

Glassware

Stock and experimental vessels were 125 cc. Pyrex Erlenmeyer
flasks. Isolation vessels were Columbia dishes. 3 Graduated sero-

logical pipettes of 2-cc. capacity were used for stock transfer and for

measuring inocula in the experiments.

Enrichment

Glaucoma pyriformis adjusts readily to 0.5 per cent yeast extract

and proceeds to grow, while the other ciliates which have been obtained

in pure culture are difficult to start in this medium.

3 Arthur H. Thomas Co., Philadelphia, Watch Glass No. 9851.
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Transfer

Daily transfer of approximately 0.2 cc. was continued for one

month or more, thus maintaining fairly constant and extremely

vigorous growth, previous to quantitative experimentation.

It is essential to observe the following procedure in measuring the

volume of inocula. Draw up the 2-cc. volume and allow to flow back

into the flask at the same rate at which the volumes will be delivered,

then (keep the culture stirred!) again draw up. slowly (i.e. at the speed

at which it will be discharged), and deliver the desired volumes into

the flasks. Do not use the final 0.4 cc. in the pipette.

Counting

A method of counting was described (Hetherington, 1034ft). This

has been refined to overcome a specific difficulty; a tendency on the

part of Glaucoma to adhere to the surface, of the pipette.

1. If dilution is required (if not, proceed directly with Step No. 2),

draw up 10 cc. into a clean graduated pipette, then deliver 10 cc.

back into the culture. Stir thoroughly. Again draw up 10 cc. and

deliver into that volume of tap water in a beaker which will achieve

the correct dilution.

2. Prepare 10 slides (or any number desired) by placing two sepa-

rate drops of particle-free aceto-carmine on each.

3. Using a pipette (medicine dropper) whose drop-volume has

been ascertained, draw up a volume larger than required for counting,

and deliver drop by drop back into the culture. A convenient volume

for each drop is 0.02 cc.

4. Stir thoroughly. Draw up a similar volume. Deliver one drop
on top of each aceto-carmine drop, being careful to hold the pipette

at the same angle at which it was calibrated. D<> not deliver the

final 2 or 3 drops.

The organisms were counted under the low power ol a dissecting

binocular. The number of organisms in the original culture can be

calculated by obvious methods.

Accuracy of Counting Method

The following numbers are six successive counts, giving glaucomas

percc., from the same culture: 7,770; 7,070; 7,130; 7,710; 7,410; 7,610.

This shows the largest variation experienced. The mean is

7,450, with a probable error of 174.5. or 2.3 per cent. The majority
of (mint- wen- more satisfactory than the above, giving a mean

probable error of about 1 per cent.



PRECISE CONTROL ()!' CLAUCOMA PYRIFORMIS 429

The use of pipettes smaller than 2 cc. and with narrow delivery

apertures decreases the accuracy because the ciliates adhere more

irregularly.

Division Rate

The division rate, r, the number of divisions per organism per day,

is given by the following formula:

log Y - -

log P
Hog 2

where Y = total yield of ciliates, P = inoculum, the number of

ciliates inoculated, t = time of growth in days.

If young organisms or those about to divide (i.e. considered as an

inoculum of 2 for each dividing individual) are inoculated the following

formula must be applied:

log Y --
log (0.7071P)

Mog2

The factor 0.7071 expresses the approximate difference between the

age of the individuals of the inoculum and the mean age of those of

the yield.

MEDIUM

Inorganic

While this ciliate will, of course, grow on the complex nutrients,

e.g. yeast extract dissolved in doubly distilled water, all experiments
were carried out using a salt solution, Peters' medium, in place of the

pure water. This medium, in addition to the very desirable buffering

action, possesses at least the empiric virtue of resembling ordinary
fresh waters, particularly with respect to its dilute nature and content

of calcium bicarbonate.

Preparation

Put about ten grams of Ca(OH)o (Kahlbaum pro analysi) into

about a liter of doubly distilled water: cork and shake. Allow to

stand for two days, shaking a few times in the interim. Pass CC>2

through this solution (at 23 C.), using either commercial tank COs
or a generator, for one hour. Cork and allowr to stand for 24 hours.

Pour off the slightly cloudy supernatant fluid into two good quality

ground-glass-stoppered bottles. Pass CC>2 through each for a minute,

stopper, and label : Ca(HCO 3 ) 2 ,
0.01 M., 55 cc./liter. Prepare 0.015 M.

MgSO 4 ,
K 2HPO 4 ,

and 0.0075 M. Na2HPO 4 in doubly distilled water,

and add
"
10 cc./liter" to the label of each.
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A liter of Peters' medium is prepared by diluting 55 cc. of the

calcium bicarbonate and 10 cc. of each of the others to one liter.

This medium should not be shaken into equilibrium with air before

autoclaving.

Organic

The most striking characteristic of this particular strain of Glau-

coma pyriformis is its complete failure to grow on peptone (or Neo-

peptone or Tryptone, Difco). Since it was found to grow luxuriant ly

on plain autoclaved wheat or on yeast (Fleischmann, pure dry), and

since these media contain great numbers of particles, it was considered

a "particle feeding" strain, and extensive measurements of growth
were made using a medium of 0.5 per cent yeast, and 0.5 per cent

dextrose. 4

Since the advent of the new powdered yeast extract by Difco, it

ha> been possible to show that particles are not the crucial requirement
of my strain. Further, it has permitted a far closer approach to an

ideal medium, particularly so when combined with certain powdered

yeasts which were specially prepared under the direction of Mr. H. G.

I hinham of the Difco Laboratories. Without his gracious cooperation
in supplying these yeasts, the high division rates described in this

paper could not have been achieved.

Clear 0.5 per cent Yeast Extract will support this Glaucoma with

a division rate of 6.36. As stated, peptone will not support growth.
What is the effect of adding a fine suspension of insoluble yeast

particles to 0.5 per cent peptone? Difco extracted yeast no. B13412H
was prepared for this purpose. When added in 0.005 to 0.05 per cent

concentration, yielding cloudy suspensions, growth remained nil, just

as in clear peptone. When raised to 0.1 per cent, however, consider-

able growth could be obtained. This is in contrast to growth in

0.5 per cent peptone + finely powdered whole yeast (No. B 1341 2),

where 0.005 to 0.05 per cent concentrations gave good growth.

Raising the concentration to 0.1 per cent improved growth to a rela-

tively small extent.

From these experiments it was concluded that minute quantities oi

the extractives of yeast complete peptone as a food for this strain ot

Glaucoma pyriformis, and that particles are of slight or no importance.

Peptone and yeast extract gave similar growth in the presence of

0.1 to 0.3 per cent whole yeast No. B13412. When the whole yeast

Note the similarity of this experience with that of Peters (192Q). It seems to

the author practically certain that Peters'
"
Colpidium colpoda" is Glaucoma

pyriformis.
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was reduced to 0.05 per cent, the peptone medium gave weaker growth.
The mean division rate on the 0.2 per cent and 0.1 per cent whole

yeast + 0.5 per cent yeast extract was respectively 7.83 and 7.71.

The following optimum medium was used for the measurements to

be reported in this paper: 0.5 per cent yeast extract and 0.2 per cent

powdered yeast No. B 1341 2 in volumes of 50 cc. in 125-cc. Pyrex

Erlenmeyer flasks. The surface/volume ratio is 0.55.

The finely powdered yeast is prepared in 1 per cent concentration

which is autoclaved, 15 Ibs. for 15 minutes. All particles must be

wet before autoclaving, otherwise sterility may not be achieved.

This is allowed to stand for 24 hours, then the cloudy supernatant
fluid is poured off, separating from the solid residues. It is regulated
to pH 7.0 to 7.2 with NaOH, and added to 1 per cent yeast extract

in the correct proportion, then diluted: dispense into the flasks, cotton

stopper, and autoclave.

Comparison of Different Media

Table I verifies quantitatively some of the relations just described,

and permits comparison of a number of different nutrient media.

Inoculum 15 is 1,490 glaucomas from a culture in 0.5 per cent yeast
extract. Inoculum 7 is 717 from a culture in dextrose 5 0.5 per cent,

yeast No. B33425 0.25 per cent, and yeast No. B33413 0.25 per cent.

The numbered yeasts are whole yeasts prepared in different ways.
Cultures containing 0.5 per cent of whole yeast may for convenience

be called whole yeast media, while those containing yeast extract

may be called yeast extract media.

The most general relations observed are that inocula from whole

yeast into whole yeast give the lowest division rates, from yeast
extract into whole yeast the next highest, while the highest are those

from yeast extract into yeast extract.

The chemically treated yeasts B33413 and B33425 contrast with

B13412 (plain finely powdered whole yeast) in that the addition of

dextrose improves the former and harms the latter (Experiments 3

to 15). Yeast B33425 also contrasts with B13412 in that fractional

sterilization (85 C.) does not help, while marked improvement is

noted for the latter (Experiments 8, 9, and 13, 14).

Finally, increasing the complexity of the medium beyond that of

Experiment 18 results in no gain. The liver used in Experiment 21 is

5 Culture media containing dextrose turn strongly acid after inoculation of

Glaucoma pyriformis, even in the presence of considerable phosphate buffer. The
flasks containing dextrose (Experiments 2, 3, 4, 6, 7, 8, 11, 12, 13, 20, and 21) also

contained excess CaCO 3 ,
which maintained the hydrogen ion concentration within

the limits of pH 7.30 to 6.83.
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TABLE I

Growth of Glaucoma in different culture media. Fifty cc. of medium in 125-cc.

flasks in all experiments. Inoculum 15 == 1,490 glaucomas, 7 == 717. Counts
taken after 24 hours except for wheat which represents 72 hours of growth. F. st.

indicates that the medium was fractionally sterilized.

Experiment
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TABLE I (Continued}
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Experiments from inocula 844 and 1,696 were run simultaneously

with those of Table III and are therefore strictly comparable. Even

when the yeast is 0.1 per cent, half the concentration of the standard

medium (p. 431), marked acceleration is evident.

The maximum rates of growth here recorded are not very high

when compared with those of Enriques (1916). Working at a higher

temperature and in the presence of bacteria he obtained as many as

13 generations in 24 hours, and never less than 9.

GROWTH FROM INOCULA OF 0.2 cc. CONTAINING

VARYING NUMBERS OF GLAUCOMA

The volume 0.2 cc. was chosen simply because of its convenience.

Table III gives unselected results of several experiments taken at

TABLE II

Growth of Glaucoma on varying concentrations of fractionally sterilized (85 C.)

whole yeast No. B13412. All media contain 0.5 per cent yeast extract. To be

compared with corresponding inocula in Table III.

Whole yeast
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GROWTH FROM AN INOCULUM OF ONE DIVIDING GLAUCOMA

A dividing ciliate is a convenient inoculum because the age is

known within a few minutes. It is here treated as an inoculum of

two glaucomas. It was found that two days of growth gave numbers

which could be accurately counted.

TABLE III

Relation between"number of glaucomas inoculated and rate of growth. Volume of

inoculum = 0.2 cc. Period of growth = 24 hours.

Inoculum glaucomas Yield glaucomas
in 0.2 cc. in 50 cc.
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Comparing inoculum 26,640 of Table III with the 48-hour yield

of Table IV, it is seen that the latter is 2.5 times the former. The

mean yields, on the other hand, differ by only 17 per cent (1,529,250-

1 ,838,600) . This suggests that these populations are practically static ;

i.e., they represent the "crop" for this particular strain of Glauconni

Pyriformis. They are still very healthy organisms.

THE INTERVAL REQUIRED FOR DIVISION

What is the actual behaviour of individuals in these flasks? Does

each divide after a certain interval in a regular fashion, or are the

cultures mixtures of degenerating and more or less rapidly multiplying

ciliates? To answer qualitatively first, extensive observation of flask-

cultured glaucomas under the microscope never revealed degenerating

TABLE IV

Growth from an inoculum of one dividing glaucoma after 2 days and after 3 days.

48 hours



PRECISE CONTROL OF GLAUCOMA PYRIFORMIS 437

1 cc. of medium, and the lime of separation noted. A series of such

experiments was watched continuously at a temperature of 24.2 to

25.2 C. to determine the time required for the next fission.

A surprising result was obtained. Irregularity between the limits

of 2 hours and 45 minutes for the shortest interval to 4 hours and 25

minutes for the longest, was observed. Daughter cells were as ir-

regular as any others. The mean was roughly 3 hours and 25 minutes

(3.42 hours). To give a mean division rate of 7.93 a division every
3.028 hours is necessary. The second division was also followed 6

but no significant difference in behaviour occurred.

EARLY GROWTH OF GLAUCOMA CULTURED IN FLASKS

If the marked irregularity and slowness of growth of organisms

observed in shallow dishes is not due to incidental technical features

TABLE V
Growth during the first- 9-hour period compared -with later growth.

= 1,696 glaucomas in 0.2 cc.

Inoculum

Growth during 9 hours
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8,480 per cc. (424,000), and might he "conditioned," so the shock of

transfer to fresh medium would explain the early retardation.

Accordingly, in spite of the labor involved in counting small con-

centrations of ciliates, an inoculum of 0.5 cc. containing only 661

glaucomas was tried. Counts were taken after 6 hours, 12 hours, and

24 hours.

Table VI substantiates Table Y in lhai a definite acceleration in

rate of growth occurs during the 24-hour period. Since the six-hour

rate (7.27) is higher than that for 9 hours (7.09), it is possible, as sug-

gested above, that some shock of transfer plays a small role in the

experiments of Table V. The mean rate of 8.55 for the last 12 hours

gives an interval required for division of 2.8 hour*: the* glaucomas
divide every 2 hours and 48 minutes.

TABLE YI

Crou'th during the first 6-hour period compared with later growth.
= 661 glaucomas in 0.5 cc.

Inoculum

i.muth during 6 hours
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The apparent lag in early growth recorded in Tables V and VI

suggests the "allelocatalytic effect' of Robertson (Johnson, 1933,

gives a good recent review of this subject). Definite conclusions

concerning the nature of this lag in Glaucoma must await a technique
which will permit accurate counting of small numbers.

COMPARISON WITH OTHER STRAINS OF GLAUCOMA PYRIFORMIS

Ten different strains of Glaucoma pyriformis have been either

isolated in this laboratory or sent here through the courtesy of other

investigators. It is possible to distinguish between a few of them

morphologically, and between every one of them by simple counts of

growth in the yeast medium.

In spite of the fact that this medium was developed specifically

for my yeast-requiring strain, three other strains, including Dr.

Elliott's
"
Colpidium striatum" (1933), which resembles Lwoff's strain

in that it grows luxuriantly on peptone, grow better on it. The latter

divides about 1.05 times as fast as mine. The most difficult strain

to distinguish from mine is Dr. Butterfield's (1929) "Colpidium,"
which is interesting in that it will grow for a few transfers in peptone,
then fails to increase. It divides about 1.03 times as fast as mine.

This form is thus intermediate in its nutritive requirements between

the more typical peptone-growing strain and the yeast-requiring

variant described in this paper. The other strains divide less rapidly,

the lowest division rate recorded being 6.23, about 0.84 times as fast.

Morphologically, a slender ("schlanke form") strain is the most

striking variant: it is distinctive even when very well nourished.

The author is acquainted with this strain through the courtesy of Dr.

Elliott and Dr. Kahl.

Glaser and Coria (1935) obtained from hot springs strains of

Saprophilus oviformis (
=-- Glaucoma pyriformis} which grow vigorously

at 37 C.

SUMMARY

1. The strain of Glaucoma pyriformis reported upon in this paper
will not grow in peptone in pure culture, or in this plus a fine suspension
of insoluble particles of extracted yeast.

Yeast extract (Difco), particle-free, supports a division rate of 6.86.

Whole yeast (Difco autoclaved) plus either peptone or yeast

extract supports division rates from 7.65 to 8.02.

Media more complex than this do not increase the division rate.

If the whole yeast added to the yeast extract is fractionally

sterilized rather than autoclaved, marked increase in division rate

results.
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2. There is but one optimum hydrogen ion concentration. This

is in the region of pH 7.

3. \Yhen 600 to 2,000 glaucomas are inoculated in 50 cc. of medium,
the division rate is 7.89 to 8.02 for the first day.

When larger numbers are inoculated the division rate is lower.

4. If one dividing glaucoma is inoculated, the mean division rate

(48 hours) varies from 7.65 to 7.88.

5. Observation of isolated organisms in shallow dishes revealed

marked irregularity in the interval required for division: from 2 hours

and 45 minutes for the shortest interval to 4 hours and 25 minutes

for the longest. The mean was 3 hours and 25 minutes, corresponding
to a division rate of 7.

6. Counts of growth in less than 24 hours apparently demonstrate

a lag in early growth. No definite conclusions were drawn because

of the large error resulting from counting low concentrations of ciliates.
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REGENERATION IN THE POLYCH^TE
CLYMENELLA TORQUATA

III. EFFECT OF LEVEL OF CUT ON TYPE OF NEW STRUCTURES IN

ANTERIOR REGENERATION

LEONARD P. SAYLES

(From the College of the City of New York and the Marine Biological Laboratory,
Woods Hole)

Although many polychaete annelids regenerate posteriorly, rela-

tively few readily form new heads. The succession of events in

anterior regeneration in Clymenella torquata after the loss of 5 segments

has already been described (Sayles, 1932). At that level regeneration

is usually complete after about fifteen days. During the summers of

1929-31 a record was kept of regenerates among worms as they were

brought into the laboratory. Of 1,364 specimens of Clymenella, 33

were regenerating anteriorly, none of these at levels posterior to the

sixth segment. Under laboratory conditions it has been possible to

secure a number of regenerates at the tenth segment and some even

at the eleventh.

In this paper anterior regenerates at various levels are discussed.

These were obtained during work carried out at Woods Hole from

1928 to 1934, inclusive. The materials and methods have already

been discussed in a paper on posterior regeneration in this worm

(Sayles, 1934).

EXPERIMENTAL RESULTS

Anterior regeneration after the removal of from 1 to 6 segments

may be considered first. Upon cutting at these six levels the mortality

of posterior pieces was relatively low, 85 per cent or more of the pieces

surviving for 10 days or longer. After the loss of one or two segments
a complete bud was formed by the tenth day. This was also usually

the case after the loss of three segments. At the fourth and fifth

segments the majority of buds were complete after ten days but about

one-third of the pieces required 11 to 15 days to form a bud which

showed complete external segmentation, parapodia and folds associated

with the peristomium. At the sixth most of the pieces were just

beginning to show external evidences of segmentation after 10 days

and, in most cases, they were complete, as far as general external

features were concerned, by the fifteenth day.

441
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Of the specimens cut at the seventh segment about 70 per cent

survived. Here, as at the sixth, organization of the new hud \vas

slower than at more anterior levels. In addition one piece failed to

produce a complete bud of the usual shape. Instead there was formed
a peristomium of ordinary size and structure but followed by five,

possibly six, segments of much smaller diameter. This specimen was
observed early in this work (in 1928) and unfortunately it was neither

carefully drawn nor preserved for further study. This bud was

probably of the type which has appeared on regenerates at the eighth

segment and somewhat more posterior levels. All other pieces at this

level which survived for 15 days had produced complete new buds by
that time.

Three regenerates at the eighth segment. Drawn with aid of camera lucida.

FIG. 1. Yentro-lateral view of weakly segmented hud alter 12 days. X 16.

FIG. 2. Right-lateral view of regenerate, at 21 days, which had probably
broken off at a very slender region in the middle of a bud. X 13.

FIG. 3. Right-lateral view of a somewhat crude bud after 18 days. X 16.

At the level of the eighth segment about M) per cent of the pieces

cut were dead after 10 days. Of the 24 survivors 21 had small buds

which were either non-segmented or only weakly segmented (Fig. 1).

Two others had buds consisting of one or two distinct segments of

good size, anterior to which was a small unsegmented region (Fig. 2).

In these two pieces it might seem that the proximal segments have

become established without the development of an organized peri-

stomial region. A study of anterior regenerates at more posterior

levels, however, suggests that in each of the^e two cases a bud may
have been formed with a very slender mid-portion. Buds of this

latter type have been observed at the ninth, tenth and eleventh

segments. Some of these have been broken although considerable

care was taken to keep them intact. The portion of the bud then

remaining attached to the old part was similar in appearance to the

arrangement of the new tissue observed in these two specimens at the
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eighth segment. In the case of the remaining piece, regeneration

progressed very slowly. The bulb of gut, formed in wound closure,

did not disappear until the third day and no new tissue was apparent

until the seventh. On the tenth day only a very small bud had been

formed. After 18 days this worm had produced a complete, well-

formed bud. Three of the others had died. Of the latter two were

the ones which had probably been broken previous to the tenth day.

At this time 15 had formed complete buds consisting of a head region

followed by seven setigerous segments of medium diameter. Another

piece had a bud consisting of a well-developed head region followed by
a slender part of indistinct segmentation. This worm died on the

twenty-third day without showing any marked change in the mean-

time. Two others had heads of the type shown in Fig. 3. The other

two were of the broken type described above, but the result of recent

breaks.

At the eighth segment, therefore, the majority of survivors replaced

accurately the segments lost. Some, however, produced very slender

buds but none of these pieces survived long enough to complete

segmentation. A few produced buds which were indistinctly segmented
and had but small head folds.

At the ninth segment about 70 per cent of the pieces survived ten

days. After twenty days 37 out of 77 were alive. These 37 may be

placed in 8 groups according to the type of bud formed. (1) Nine

had formed complete buds of 8 setigerous segments plus an asetigerous

head region, all of these of the usual shape and size. (2) Four had

produced buds having the full number of segments, but with the third

to eighth segments, inclusive, of a diameter much smaller than that

of the first two. (3) Each of 4 others had a well-developed head

region followed by a slender part. The anterior portion of the latter

showed about four setigerous segments and the posterior part, near

the original cut piece, was indistinctly segmented. (4) Seven had

short buds of medium diameter with head regions of the normal type.

One consisted of 6 segments and one of 4 segments. Each of the

other 5 had a peristomium and 3 or 4 setigerous segments followed by
a weakly segmented region with no parapodia visible. (5) One con-

sisted of 10 segments the last 3 of which were a little irregular. (6)

Three had short conical buds without any constrictions apparent.

(7) One had not regenerated beyond wound closure. (8) Eight had

buds of various shapes with peculiar arrangements of both parapodia
and segmental constrictions.

Several of the last-named group merit more detailed descriptions.

One of them (Fig. 4) had a bud which was divided externally into nine



444 LEONARD P. SAYLES

Seven regenerates at ninth segment. Drawn with aid of camera lucida.

FIG. 4. Bud of good shape except for extra pairs of parapodia on third and
ninth segments. Twenty-nine days. Lateral view. X 10.

FIG. 5. A bud with proximal portion segmented and distal part swollen and

unsegmented. The number of setae in each group on the swollen region is accurately
shown. Twenty-eight days. Dorsal view. X 1').

FH;. 6. Another bud with distal part swollen and unsegmented. Twenty-nine
days. Ventral view. X 6.

FIG. 7. Bud possessing split-segment (A), inten .il.nrd segment (B), left-hand

spiral of one and one-half segments (C), and right-hand spiral of a little more than

one-half segment (D). Ventral positions of inti-rsfgnu-ntal grooves, where they do
not match the dorsal ones, are shown in dotted lines. Twenty-eight days. Dorsal

\ii-w. somewhat lateral in anterior part. X 10.

I ML. X. Another bud showing irregularities confined mostly to distal part of

bud. There was no left parapodium on what was probablv the third segment.
I In- iifitopudium (but not the neuropodium) of the seventh segment was missing.

Twenty-nine days. Dorsal view. X 10.

IMI,. (
>. Two somewhat weakly developed buds. A. On the tenth day. Left

Liter. il \ icu . X 16. fl. On the twelfth da\ . Left vent ro-lateral view. X 12.



REGENERATION IN CLYMENELLA 445

segments, the first of which was asetigerous and of ordinary shape.

A peculiar thing about this bud was that the third and ninth segments

each had two pairs of parapodia. Both neuropodial and notopodial

portions were present. Aside from this point the bud was normal in

appearance. If, on microscopic examination, it is found that each of

these double regions belongs really to 2 segments, it is clear that the

piece has formed 11 segments after the loss of 9. If not, then there

has at least been a duplication of parts. It is also interesting to note

that these unusual regions were some distance from one another, one

next to the old part and the other near the distal end of the bud.

Another of these pieces (Fig. 5) consisted of three proximal segments,

apparently of the usual type, in front of which was a somewhat swollen

unsegmented region, the anterior part of which bore considerable

resemblance to the usual type of first segment. The posterior part of

this region bore a number of clusters of setae, none of which were of

the neuropodial type. Three of these clusters were of the same

appearance as ordinary notopodia but the others consisted of only

2-4 seta? each. Here, then, there is a case of completion of the three

proximal segments, and, for the most part, of the peristomial segment.

In between, however, was a region where external segmentation and

parapodium-formation had proceeded in an unusual manner. Another

of these peculiar regenerates had formed a bud consisting of a some-

what swollen anterior part followed by a slender region composed of

seven segments, each provided with neuropodia and notopodia of the

ordinary type (Fig. 6). The portion of larger diameter was unseg-

mented. At its anterior tip it had weakly-developed peristomial

folds. Near its posterior end it bore several groups of setae. On the

right side there were two notopodia, ventral to which were three

vertical rows of uncini, the central row being longer and bearing uncini

larger than either of the others. On the left side there was but one

notopodium, but here also there were three vertical rows of uncini all

of about the same size. Here, then, we have a case where organization

of the posterior two-thirds of the bud had gone on in the usual manner
but that of the anterior part had been abnormal.

A fourth individual (Fig. 7) in this same group consisted of a

peristomium, bearing a pair of parapodia, and the apparent equivalent
of 8 additional setigerous segments. The latter, however, showed

several peculiarities of arrangement. Immediately behind the peri-

stomium was a region consisting of a single segment on the right but

split on the left to form two parts. Next there was a regular segment.
Then a separate half segment was present on the right side. Behind

this was another regular segment which was followed by a spiral
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segment beginning on the dorsal side and running to the left one and

one-halt turns to end on the ventral side. Behind this was another

spiral region running in the- opposite direction and apparently ending

laterally on the left side. It was very difficult to determine the exact

limit of this adjacent to the old part of the worm. Although this

last region might possibly be interpreted as an intercalated half-

segment, it has more the appearance of a very short spiral. The
fifth and la>t one of this group to be described is shown in Fig. 8.

The posterior two-thirds ot the newly formed bud was of the usual

diameter. The remaining portion was of about one-half this size.

The larger posterior portion of the bud consisted of five setigerous

segments with only one point that was unusual, namely, the absence

of the left notopodium from one segment although the neuropodium
was present. Anterior to these five segments was another complete

setigerous segment, of intermediate size. The smaller anterior part

of the bud consisted of two main divisions. The anterior one was

clearly a peristomial region. The prostomium was, in proportion,
shorter and thicker than usual. The head folds on the peristomium
were lower and broader than those ordinarily found in ihis region.

The posterior division of this smaller region was incompletely marked
off into three parts, the anterior of which bore a parapodium on each

side. The middle one of these small parts bore a parapodium on the

right side only; the posterior one was without parapodia. In this

case, also, the region near the old part was organized in the usual

manner and the anterior part of the bud, farther away from the old

piece, underwent an unusual organization.

Posterior pieces regenerating anteriorly at the tenth segment were

much more susceptible to infection than pieces cut at more anterior

levels. ( )t 195 pieces cut only 83 (or about IS per cent) survived for

ten days. At this time, 35 had formed buds of about the type shown
in Fig.

c
>. Thirty-six had produced buds which were either very

short or had irregular shapes. Ten showed no external evidence of

new tissue. One was slightly irregular with some resemblance to a

small heteromorphic tail. The other survivor had formed a bud, i In-

main part of which did not differ greatly from Fig. 0. From the right

side of this main part there projected a somewhat lobulate structure

arising at a level slightly posterior to thai of the mouth. I nlortu-

nately, this specimen died on the fourteenth day before there h.ul

been time for many noticeable changes Iroin this condition. At this

time, it was similar in appearance to the early Mages in the lormation

ot multiple structures such as those described below.

At the end of 20 days there were 55 survivors, which migln be
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placed in 5 groups. (1) Two had small buds in the early stages of

head formation and segmentation. Both of these died at about this

lime without undergoing any marked changes. (2) Five showed no

external evidence of new tissue. It should be noted, however, that

one of these had a slender bud at 10 days. Apparently this bud was
lost and not replaced, possibly because of insufficient time. These

were in the same condition when they were discarded or died after

20-24 days. (3) Four had produced irregular buds. One of the

latter, a short weakly segmented bud, was drawn (Fig. 10) and killed

at this time. Another (Fig. 11 ) had a short bud somewhat bloated in

appearance and deep red in color. It had fairly well formed head

folds and prostomium, but showed practically no evidence of seg-

mentation. On each side were 3 notopodia, rather irregularly arranged

especially on the right side. The third of these buds was short and
conical. Nine days later this bud (Fig. 12) consisted of a short,

broad proximal portion with two pairs of parapodia and a distal part
similar in appearance to a typical head bud of about ten to twelve

days. This may possibly have been a re-regenerate. The last of

these buds was a peristomium followed by a short unsegmented region.

On this bud were several extra knob-like growths which looked like

the beginnings of multiple structures. Unfortunately this animal

died at this time and before any drawings of it had been made.

(4) Six others of the survivors at 20 days had multiple structures.

One consisted of a single, weakly segmented bud with a mouth which

was practically terminal. The dorsal side of the peristomium was
double with two complete parts, each consisting of head folds enclosing
a prostomium. This double appearance was first unquestionable on

the twentieth day. By the following morning the animal had died.

No drawing is available. Another bud (Fig. 13) consisted of 3

setigerous segments and a double peristomial region with its parts so

turned that the sides ordinarily ventral were more or less facing one

another. Between the latter there was a single mouth with a small

proboscis exhibiting the usual activity. Three of the other buds were

similar in that each was a well-developed bud of several segments with

a peristomium of quite good shape and with the second part a hetero-

morphic tail (Figs. 14, 15 and 16). There can be no question that

these extra parts were tail buds. In the first place, the cirri, so

characteristic of the anal collar of a normal worm, were present. Also

these extra buds were almost identical in appearance with some of the

unusual tails produced in posterior regeneration at the eighth to tenth

segments. In different posterior regenerates at these levels many
intermediate forms between these odd types and the usual one have
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Eight regenerates at the tenth segment. Drawn with aid of camera lucida.

FIG. 10. Ventral view of a weakly developed hud. The segmentation was

very indistinct on dorsal side. No parapodia were visible. Twenty days. X 12.

FIG. 11. Right dorso-lateral view of short, swollen irregularly segmented bud
of about 4 segments. Twenty-five days. X 12.

FIG. 12. Left view of a bud irregular in portion near old part. Twenty-nine
days. < 24.

FIG. 13. Bud with anterior part of peristomium double. P, proboscis. K,
knob of tissue. Twenty days. X 22.

FIG. 14. Right view of regenerate with ventral tail outgrowth. P, proboscis.

Twenty days. X 1').

FIG. 15. Right view of regenerate with ventral tail outgrowth. Twenty-six

days. X 16.

FIG. 16. Left view of regenerate with tail outgrowth on left side. A, anal

cone. Twenty-six days. X 16.

FIG. 17. Dorsal view of heteromorphic tail with sin, ill extra head (//) and

t.iil (T) outgrowths. Twenty days. X 16.
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been found (Sayles, 1934). In two cases the heteromorphic tails arose

from the mid-ventral region somewhat behind the mouth. In the

third instance the small tail-bud arose mid-laterally at approximately
the same longitudinal level as the mout h . This point of origin matches

the position of the circumcesophageal connective. The last of these

buds was the one which, on the tenth day, resembled a heteromorphic
tail. By the thirteenth day this bud clearly consisted of several

rather irregular segments terminating in an incomplete anal collar,

open on the left side and bearing 6 cirri. At this time there were

present in the vicinity of the base of the collar two rather large out-

growths without any apparent differentiation into head or tail type.

These two extra parts gradually assumed distinct shapes until after

20 days the condition shown in Fig. 17 existed. It may be noted

that at this time there were at least 9 new segments anterior to which

was the multiple region. The main terminal part was an anal segment

bearing a half-collar on which were 7 cirri. From the right dorso-

lateral region at the base of this terminal segment arose a small bud

including a partial anal collar with about five cirri and also a long
anal cone. In the vicinity of the dorsal end of the open anal collar

and somewhat to the left of the small extra anal segment there was
the other small bud which showed the main distinguishing character-

istics of a head segment. An interesting point is that this segment was
in the proper position with relation to the old part despite the fact

that it did not appear until after the main heteromorphic tail was

clearly organized.

(5) The remaining 38 individuals alive at this time all had peri-

stomial regions of ordinary size and shape. There was, however,
considerable variation in the setigerous regions. For instance, one

bud had two post-peristomial segments with no evidence of setae.

Two others had two such segments but with parapodia (Fig. 18).

Three had a peristomium bearing a pair of parapodia at the level of

the posterior end of the peristomial crown; 2 of these had 5 other

setigerous segments and one had 4. Ten others had regular setigerous

segments varying in number between 5 and 9. Two others had a

number of segments but only 3 (Fig. 19) and 4, respectively, with

parapodia. Each of these 18 buds was of fairly uniform diameter

throughout its entire length. One of the other 20 consisted of the

peristomium followed by 6 setigerous segments. The right side of

the second setigerous segment was swollen and bore 2 extra parapodia.
The remaining 19 in this group had slender proximal regions, 17 of

them with regularly formed setigerous segments varying in number
from 3 to 8. One of the others (Fig. 20) consisted of 6 or 7 segments
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of \vhirh 4 had parapodia. In addition there was a pair of clusters

of notopodial setae far forward on what appeared to be a part of the

peristomium. The proximal part of ihr bud was very irregular.

The last of this group (Fig. 21 i had a well-formed peristomium fol-

lowed by 4 setigerous segments. Posterior to these there was an

asetigerous region. Between the latter and the old part, on the left

side only, there was an irregular structure bearing 3 notopodia. As

a result the bud as a whole was tipped to the right.

Four regenerates at the tenth segment. Drawn with aid of camera lucida.

FIG. 18. Three-segment hud of good shape. Twenty-eight days. X 10.

FIG. 19. Left view of a hud at 27 days. X 12.

FIG. 20. Right ventro-lateral view of a somewhat irregular bud. I", ventral

bloodvessel. Twenty-three days. X U>.

FIG. 21. Dorsal view of regenerate with region bearing 3 notopodia inter-

calated on left at base of bud. Twenty-eight days. X 16.

At the eleventh segment, of 113 pieces cut, 30 (about 26 per cent)

survived for 10 days. Of these, 11 showed no external evidence of

new tissue. Four had short, unsegmented buds with but small head-

foUK One had a double structure consisting of a heteromorphic tail

from the ventral side of which another, smaller tail had grown out.

< >ne had a short heteromorphic tail terminating in an anal collar which

was open ventrally and possessed 5 or anal cirri. The other 13 had

irregular buds of various types. Two of these were killed and 14

other- died during the next 10 days. One of those killed (Fig. 22)
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had a bud composed of a somewhat irregular peristomium followed

by a single asetigerous segment.
Of the 14 survivors at 20 days, 2 were without new tissue. Neither

of these changed in appearance up to the times of death, one at 27

days, the other at 30. On the thirteenth day the single heteromorphic
tail had dropped off. Little if any further new tissue was formed by
this piece up to the time of its death on the thirtieth day. Four

others had buds with peristomial regions of fairly definite shape
followed by slender regions of 4-7 setigerous segments of quite regular

arrangement. One worm had a bud (Fig. 23) made up of several ir-

regular parts, the most anterior of which was apparently a much mis-

shapen peristomial region.

Five other buds were 3-6 mm. long but irregular. Four of these

survived until the twenty-eighth to the thirty-second day at which

time they were drawn and killed. One, the anterior part of which is

shown in Fig. 24, had a peristomial region followed by 8 setigerous

segments, 2 less than were removed. The peristomium was of fair

shape but with no trace of a mouth. It was followed by a region

including at least two segments (which we shall call the second and

third). These were separated from one another on the left but not

on the right. It may be noted that there was an irregular arrangement
of parapodial parts here. The fourth and fifth segments were of usual

appearance, including the collar characteristic of the fifth segment of

this species. Clearly then the 2 missing segments of this bud must

have been omitted from its posterior part. The second of these buds

(Fig. 25) included a posterior part of 4 setigerous segments anterior to

which there was a swollen region a little over 2 mm. long and termi-

nating in a peristomium of very nearly the usual appearance. This

swollen region bore a number of groups of setae of irregular arrange-
ment. The third of these buds (Fig. 26) varied in diameter in different

regions. The anterior part of the bud was without setae but was

constricted in several places. At its anterior tip was a very small

knob of tissue, notched anteriorly. Aside from this knob, which

might possibly be considered as a dwarfed, irregular peristomium,
none of the characteristic head-features was present. The remainder

of the bud was somewhat indefinitely marked off into segments.

Judging on the basis of notopodia and pronounced constrictions, 7 or

8 segments were present in this part. The last of these buds consisted

of 8 setigerous segments gradually reducing in size from the old part

toward the tip. The anterior half of this bud is shown in Fig. 27.

Anterior to the setigerous segments was a small region twisted some-

what dorsally. The latter looked like a minute, early peristomium.
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Seven regenerates at the eleventh segment. All except Fig. 28 drawn with aid

of camera lucida.

FIG. 22. Two-senmem ' )l"l with somewhat irregular peristomium. Fifteen

days. X 16.

IK.. 23. Right view of irregular hud probably including a peristomium (P).

Nineteen days. X 16.

FIG. 24. Ventral view of anterior part of a bud which lacked a mouth. C,

collar on fifth segment. Twenty-eight days. X 16.

FIG. 25. Ventral view of a bud, the anterior pan of which was swollen and

unsegmented hut possessing a number of groups of uncini as well as several notopodia.
I v. nit y -eight days. X 16.

I ii.. 26. Dorsal view of a regenerate of 28 days. P, possibly a dwarfed,

irregular peristomium. X 16.

FlG. 27. Dorsal view of anterior part of bud which included three more
mcnts. First two divisions twisted so that peristomium (P) is hooked dorsally.

Thirt; six days. X 22.

In.. J.X. Right lateral view of a multiple bud at 22 days. The original main

licicnimorpliir tail 1 2) was tipped somewhat ventrally by the development of two
"in UK] (4) on dorsal side of bud. An extra, ventral tail (1) was
also present . X 17.
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The other survivor at this time was the one previously noted as

having two tails. By the twenty-second day not only had these

become distinct tails but also two other outgrowths from the bud had

appeared (Fig. 28). Consequently, at this time there were present on

the regenerating part the following structures: (1) A tail growing out

from the mid-ventral line near the base of the new part. This bore a

distinct collar region open on one side and bearing 6 cirri a condition

frequently found in tail-regeneration at mid-body levels. (2) A tail

which had been terminal but which was now tipped ventrally. This

tail had an anal collar and 9 cirri. The dorsal portion of the collar

and the 4 cirri found there were shorter than these parts in the ventral

region. This bud bore two pairs of notopodia near its base. (3) and

(4) On the dorsal side of the mid-part of the terminal tail a newly-

formed outgrowth was present as a result of which the tail was tipped

29 30

FIG. 29. Ventral view of a bud at twelfth segment after 17 days. It was

probably a heteromorphic tail. X 13.

FIG. 30. Right lateral view to show bud formed at fourteenth segment after

33 days. Drawn with aid of camera lucida. X 22.

ventrally. This outgrowth consisted of two parts a larger one lying

in line with the longitudinal axis of the worm and terminating in a

bilobed region with two notopodia both on the more dorsal lobe;

a slender, slightly longer part extending to the right (of the original

posterior piece of the worm) and ventrally. The dorsal blood vessel

could be seen running forward and dividing to send a branch into

each of two dorsal parts. In spite of all precautions this worm died

during the following night.

Regenerates at levels posterior to the eleventh segment may be con-

sidered together. No data on the relative numbers of deaths and

survivals at these levels are available. Unfortunately a number of

experiments involving these were started without making any record

of the original numbers of pieces. At the end of 10 days there were

115 survivals at these levels and in the experiments where records of
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rutting were kept 92 had died. The actual total number of deaths

was probably 8 to 10 times that number. Of the survivors, 59 still

had bulbs of gut present and no new tissue evident and 55 had closed

wounds but were without new tissue. One, regenerating at the twelfth

segment, had a very short bud.

Twenty days after cutting there were 66 alive. Twenty-four of

these had bulbs; 40 had the wound closed but no new tissue; 2 had

small buds. One of the buds at the twelfth segment (Fig. 29)

was probably a somewhat peculiar heteromorphic tail with 2 setigerous

segments. This worm died on the twentieth day. The other re-

generating piece (Fig. 30) had been cut at the Imirteenth segment.

After 33 days the new tissue present included a fairly large round mass

over the wound surface from the anterior ventral part of which a

slender portion extended forward and curved toward the dorsal side.

DISCUSSION

In anterior, as in posterior, regeneration Clynietiella tended to

replace the segments lost. When six or less segments were removed

they were exactly replaced. When 12 or more segments were re-

moved, with 2 exceptions, no new bud was formed. In the inter-

mediate region the percentages of survivors producing complete buds

of approximately the usual shape were: at the seventh segment,

practically 100; at the eighth, 75-85; at the ninth. 35 40; at the tenth,

none out of 55 pieces; at the eleventh, none out of 14. At the last

three levels many incomplete or irregular buds were lormed. This

is almost the exact reciprocal of the situation in posterior regeneration.

In the latter no regeneration occurred in the anterior region, complete

regeneration usually occurred in the posterior region, and in the inter-

mediate region there was a progressive drop in the ability to regenerate

as the cuts were made at more and more anterior levels.

It is interesting to compare regeneration in the laboratory with thai

under natural conditions. Of 1,364 worms examined during the

summers of 1929-31, inclusive, only 33 showed evidence ot having

regenerated anteriorly. Of these, 12 had regenerated at the second

segment, 10 at the third, 7 at the fourth, 2 at the fifth and 2 at the

sixth. All of these had replaced exactly the parts lost. No worm>

were found \\hirh had replaced more than 6 segments. Since autot-

omy occurs only in the posterior half <>f the body, these regenerates

must have resulted from accidental injuries. As such injuries could

occur equally well in the middle and posterior regions ot the body,

it seems that under natural conditions such injured pieces are rarely,

if ever, able to survive and to regenerate.



REGENERATION IN CLYMENELLA

As in posterior regeneration, there was a fairly close parallel be-

tween the level of the cut and the ability to survive. In the region of

the complete replacement of lost parts- -at segments 1-6, inclusive-

more than 85 per cent survived for 10 days or longer. In the region

where buds were practically never formed segments 12-21, inclusive

probably less than 15 per cent survived on the average, with only

an occasional piece living after cuts at the most posterior levels. In

the intermediate region there were the following percentages of sur-

vivals at 10 days: at segments 7, 8 and 9 about 70 each; at segment

10, 43; at segment 11, 26.

The response of Clymenella to the loss of an anterior portion of the

body is different from that of most polychsetes. We may mention a

few cases, especially among genera having representatives in the

Woods Hole region. According to Michel (1898) Phyllodoce, Nephthys,

Eulalia and Capitella will not regenerate anteriorly. We have verified

this for the first two. Czerski and Nusbaum (1905) kept capitellids

for 25-27 days without the appearance of new buds. Czwiklitzer

(1905) found that Ophryotrocha would produce new parts only when

no more than portions of the first segment were lost. On the other

hand, Berrill (1928) reported that Chcetopterus would replace lost

anterior segments up to and including the fourteenth. Posterior to

that level anterior regeneration did not occur. This was an extension

of the facts reported earlier by Gravier (1909). Prlugfelder (1929)

found that Diopatra would rapidly replace anterior segments lost,

apparently up to as many as fourteen.

In between these extremes are the cases where anterior regeneration

occurs but only a few of the lost segments are replaced by newly-
formed ones. In many cases the bodies of these worms are differ-

entiated into regions, usually including a head, a thoracic region of a

definite number of segments and an abdominal one of a variable

number of segments. Vaney and Conte (1899) reported that Spiro-

graphis formed 2 new segments anteriorly after cuts in the anterior

part of the body. The requisite number of thoracic segments was

then obtained by metamorphosis of the abdominals. Watson (1906)

found that Potamilla formed a head and one thoracic segment and

then completed the thorax by metamorphosis. Berrill (1931) re-

ported that Sabella produced a new head plus one or two collar seg-

ments and then completed the process by a metamorphosis of the

necessary number of abdominal segments.

Clymenella does not fall exactly in any one of these three categories.

It does tend toward a complete replacement of the lost part at anterior

levels. In the mid-body region, in addition to many cases of irregular
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buds, there were a number in which tin- usual arrangement of things

occurred but not all of the lost segments were replaced. Perhaps one

of the best examples of this is the worm which produced a peristomium
and only 2 setigerous segments, all of good shape, after the loss of 10

(Fig. 18). This worm was kept 28 days yet it showed no evidence

of a change in the nature of the body-wall in which there is ordinarily

a very definite line of demarcation (at the ninth tenth intersegmental

region) between the distinctly thicker wall anteriorly and the very
thin wall in the posterior part. As might be expected from this

fact, no trace of a new fifth-segment collar appeared on the old twelfth

segment. Also in none of these cases where buds deficient only in

the number of Moments were formed was there any indication of the

addition of new segments at the posterior end of the body. Since

this worm has a constant number of segments 22 there is no

growing region at the posterior end. It might then be thought that

there was not the right kind of cellular material for such additions,

although such material does appear when a piece of the worm is

amputated. The suggestion came to mind that, if a few segments were

removed from the posterior end of a regenerate, deficient as the result

of the formation of such an anterior bud, then the new posterior bud

might contain more segments than the part cut off. Vigorous looking

worms with anterior buds of this special type were not common.
Alter these cuts for posterior regeneration were planned, only two

regenerates developed which could be used for this purpose. One of

these after 21 days regeneration at the tenth segment had produced
3 new segments to form a bud similar to the one mentioned above.

The other piece had regenerated 4 new segments at the ninth after

26 days. Both were cut again at the eighteenth segment. The
former died a little less than 2 days later and without the completion
of wound closure. After 15 days the other produced a new bud con-

sisting of 4 distinct segments. Since the full number of segments to

be present in a bud in Clymenella is laid down at approximately one

tune, it does not seem probable that more would have been added to

this bud it ii had been kept longer. This evidence is, of course, too

-i anty for us to draw any conclusions from it . For instance, the result

might possibly have been different it the second cut had been made
14 days or less alter the worm was brought into the laboratory.

As in the case of posterior regeneration in Clymenella, it seems

th.it these buds of good shape, but ((insisting of a small number of

?ments should be attributed, in part at least, to a scarcity of material.

It should be borne in mind that the mid-region of the body is a rather

special I/re I one. For example, it is in segments 7 to 10, inclusive,

that the lar<e nephridia of these worms are located.
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In several cases, 2 of which are shown in Figs. 7 and 20, a pair of

parapodia was present on the peristomium. In most species of poly-

chafes, including Clymenella torquata, parapodia are not present on

the first segment. This occurrence in certain buds might be inter-

preted as reversion toward what has been considered the primitive

condition.

In anterior regeneration 11 cases of multiple or heteromorphic

structures have been observed. In contrast with this, neither of these

features was observed in posterior regeneration in Clymenella (Sayles,

1934). Two of these were duplications in the peristomium. Two
others were head-buds of the early type with extra outgrowths similar

to the early stages in the formation of multiple structures. Both of

these died before any more definite developments. Two others were

heteromorphic tails without extra structures. Three were weakly

developed heads, each with a secondary tail-bud outgrowth. One

was a heteromorphic tail bearing 2 extra parts, one a head, the other

a tail. The remaining one of these was a heteromorphic tail with an

extra tail and also two other rather large, extra parts which had no

characteristic head or tail features. If we consider these structures

from the point of view of the levels at which they developed, we find

that 8 were at the tenth segment, 2 at the eleventh segment, and 1

at the twelfth. To understand the true frequency of these structures

we may note that 7 of the 8 at the tenth segment were alive at 20 days;
this represents 14 per cent of the 50 survivors which had produced
new tissue. At this time the 2 at the eleventh segment were 17 per

cent of the 12 new buds at this level. The one at the twelfth was the

only bud produced at that level by any piece. In other words, this

type of irregularity occurred with about the same frequency at the

tenth and eleventh segments and in the only case of a bud differen-

tiating posterior to the eleventh. In contrast to the situation in

posterior regeneration in this worm, there was here a definite upset
in the organization of the new material with the result that the new
structure was frequently not of the same type as the one lost.

One further point of interest was the appearance of a bud showing

spiral segmentation, a split segment and an intercalated half-segment.

This is the only case of this type among several thousand regenerates

of this worm which have been studied. Also no intact worm has been

found which possessed such arrangements.

Ehlers (according to Buchanan, 1893, p. 541) suggested that

intercalated segments were the result of regeneration of lost parts.

Buchanan implies that Ehlers thought the irregularities to arise at

the point of contact of old and new. Speaking for herself, she says,



458 LEONARD P. SAYLES

"Even if the intercalation of half-segments were shown to be due to

regeneration, it would still remain to be shown that the spiral arrange-

ment is likewise due to it. The fact of spirals occurring in Penta-

stomum, where, as far as we know, regeneration does not take place,

seems to me against this hypothesis." Morgan (1895), on the other

hand, is of the opinion (p. 429) that "The large number of abnormal

forms found in Amphinome is in part due no doubt to the frequent

regeneration of portions of the body that takes place. The segments
are broad, and for that reason it is surprising to find abnormal com-

bination of the metameres so frequent." Unquestionably these fea-

tures are very rare in Clymenella, in which the segments are extremely

long. A!M > i here can be no doubt about the fact that these peculiarities

arose in regeneration. As far as the question of their appearance at

the point of contact of old and new is concerned, the two spirals were

adjacent to the old part. On the other hand, the half-segment and

the split segment were at the distal part of the bud and separated from

the spiral regions by a segment of apparent ly normal arrangement.
In connection with the origin of these peculiarities both Cori (1892)

and Morgan (1892) thought that they were due to irregularities in the

size> and shapes of the developing mesodermal blocks. They attribute

a spiral to a mesodermal block of one side, but not the other, being

larger above than it is below, or vice versa. As a result, the single

block of one side joins two of the other side. Then in another place

this is offset to end the spiral. This bud in Clymenella is in agreement
with such an explanation since there are the same number of segments
on the right and left sides of the body, despite the fact that 4 irregular

parts exist in a relatively short region.

SUMMARY

1 . Six or fewer anterior segments were exactly replaced.

2. Only 2 worms produced buds at cuts posterior to the eleventh

segment. Most pieces cut at such le\-els died relatively soon.

3. In the region from the seventh to the eleventh segments there

was an increase in deaths, a decrease in ability to produce complete

buds, and a marked increase in the number of irregular buds.

4. At the ninth to eleventh segments a number of buds were of the

usual type but possessed fewer segments than had been removed.

Available evidence- points to ihe conclusion that regenerates ot this

type do not undergo any metamorphosis of segments or any increase

in number of segments at the posterior end of the body.

In several buds a pair of parapodia appeared on the peri-

stomium which is ordinarily asetigerous.
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6. Eleven cases of heteromorphic or double structures appeared,

all confined to cuts at segments 10, 11 or 12. Two of these were

double parts of the peristomium. Two were heads with extra struc-

tures possessing neither head nor tail characters. Two were hetero-

morphic tails without extra structures. Three were heads, each with

a secondary tail outgrowth. Two were tails with extra outgrowths.

7. A most interesting bud appeared on one piece cut at the ninth

segment. It possessed the following features: a segment split on the

left side, a half-segment intercalated on the right side, and two spiral

segments. One of the latter was a left-hand spiral of one and one-half

turns, the other a right-hand spiral of possibly a little over one-half

turn.
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APICAL DOMINANCE AND POLARITY IN MNEMIOPSIS
LEIDVI, AGASSIZ 1

H. k. COONFIEI.D

(From the Department of Biology, Brooklyn College, and the Marine Biological

Laboratory, Woods Hole, Mass.)

The locomotion of Mnemiopsis leidyi, as it moves along with its

oral end forward near the surface of the water, serves to demonstrate

that this animal possesses a definite polarity. The forward movement
is a continuous reaction and is interrupted only when the animal

humps into some definite obstruction. Even this interruption is very
brief, for immediately afterward the animal resumes its oral direction

of movement. This locomotion of Mnemiopsis demonstrates a definite

polarity within the rows of plates since the beating of the plates causes

the animal to move, and this in turn indicates the presence of some
sort of dominance. The proof of this dominance, with its location

and character, has been reported by Child (1017, 1033) and Coon field

(1934). The conclusion reached thus far is to the effect that the

apical organ, or region, exerts a dominance over the other parts of

the body. In support of this conclusion, I offer further experimental
evidence which is listed and discussed according to the following five

headings: (1) Swimming-plate movement, (2) feeding reactions,

(3) reversing parts of plate-rows by grafting, (4) reversing the mid-

body section by grafting, (5) transplanting the apical organ.

S\\ i M M i NG-PLATI-: ^ I < >YKM KN T

The rows of swimming-plates of Mnemiopsis may be grouped into

quadrants according to both their morphological and physiological

features. Each quadrant contains two rows of plates, an adesophageal
and an adtent act ular (Figs. 3 and 4). These t\\o rows may be con-

sidered as a unit which is coordinated with each of the other three

similar units. This coordination is clearly shown by the synchronous
movement of the plates as the animal progresses through the water.

All plates stop beating instantly when the animal bumps into an

object. Immediately after their cessation, either the swimming-plates
reverse the direction of their effective beating for a very brief time,

or the oral lobes contract. By either reaction, the animal is driven

backwards for a short distance. In either effect, it seems clear that

' Conn ihtition No. U.

460



APICAL DOMINANCE AND POLARITY IN MNRMIOPSIS 461

we can assume that some sort of centralized structure or region exerts

a dominance and regulation over the locomotor organs. The view

that this dominance is located in the apical end of the animal is

supported by the origin and sequence of the regular movement of the

plates. The plate at the apical end of each row contracts first, then

is followed by each other plate in the row contracting in sequence.
This successive beating produces a metachronal wave, according to

Parker (1905). The direction of this wave is never reversed, even on

an isolated part of the animal in which a reversal of the effective

direction was induced (Coonfield, 1934).

FEEDING REACTIONS

The feeding movements of Mnemiopsis were followed easily by
observing specimens as they fed on clam juice containing a suspension
of carmine. Every individual fed readily on this juice and the carmine

particles made the tracing of the food passage, both on the outside

of the body and within the body, quite convenient.

The clam juice was placed successively in very small quantities on

all parts of the body surface, the entire group of reactions in response
to each small quantity of food being recorded before more clam juice

was placed on any other part. Positive feeding reactions followed

only when the juice was placed on the adtentacular region, nearer the

mouth than the apical end, on the lips, auricles, and lobes near the

mouth (Fig. 3). The adtentacular region was chosen as the area on

which to observe the feeding reactions principally because of its

mechanical advantages. Therefore, the feeding reactions recorded

here are those observed on the adtentacular region of the body.
As soon as the clam juice touched the adtentacular body surface,

the swimming-plates of both rows nearby stopped their beating. This

was due possibly to the intervention of the primary inhibitory action

as described by Gothlin (1920). The very brief period of cessation

was followed immediately by a reversal of the effective beating, which

was also of very brief duration. Immediately after this reversal, the

swimming-plates resumed their normal direction of beating toward

the apical end of the animal. This reversal, though very brief in

duration, was sufficient to initiate the moving of the food toward the

mouth. While being moved in this direction, it spread out over the

oval surface of the adtentacular region of the body (Figs. 3 and 4).

In this region, the food was formed into a thin sheet by the addition

of mucus from the body wall of the animal and was carried on toward

the mouth and into the labial trough (Fig. 4) by the heating of very

small cilia which cover this part of the body. Thence it was propelled
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on to the mouth both by cilia and by the peristaltic contractions of the

labial ridge (Fig. 4). The tentacles lying at the edge of the labial

trough were caught in the food stream and were stretched out in the

direction of the mouth. Some of them were even broken off, pre-

sumably by the current, and were taken into the mouth with the food.

The above description of the feeding reactions of Mnemiopsis follows

fairly closely that of Main (1928). He makes no mention, however, of

the reversal of the swimming-plates, nor does he report the presence
of cilia on the body surface of the animal. The lips were primarily

responsible for pushing the food into the mouth. The food then

passed on up the stomodeum (stomach) to the funnel (Fig. 3) by the

effective beating of cilia which cover the entire lining of this region,

and by the peristaltic contractions of the wall of the stomach. At

the funnel, the food, in solution and in suspension, was propelled out

into the paragastric, the tentacular, and the meridional canals by the

beating of cilia which cover all the inner surfaces of these canals

(Figs. 3, 4, and 5). The association of a meridional canal with the

swimming-plates is shown in Fig. 5. Some food in the funnel was
carried also up into the infundibulum (Fig. 1) by cilia, where it either

returned to the lower funnel region and was carried out into the other

canals or was discharged. Within one or two hours after an animal

fed, it discharged a steady stream of materials through a pore in one

angle of the infundibulum (Fig. 1). This pore, with its discharging

reaction, has been reported by Main (1928). I am not certain,

however, whether the pore is permanent or only temporary. All the

animals that I observed discharging materials ejected them through

only this one particular region. The pore is visible only when the

actual discharge is taking place.

REVERSING PARTS OF PLATE-ROWS HY (".RAFTING

The metachronal wave in each row of swimming-plates originates

at the apical end and moves toward the oral end of Mnemiopsis, while

the effective beat of these plates is toward the apical end. The

origin and progression of the metachronal wave supports the view

that the apical zone is responsible for the initiation of this wave.

This zone, therefore, might well be considered as a region of dominance.

Further support of this view is indicated by the- synchronous rhythm
exhibited by all plates of the body in their metachronism. That the

^ of plates are polarized and are regions through \\hich impulses

pass, 1- -ulting in the movement of plates, has been reported by Child

(1933). Coonfield (1934), and Parker (1905).
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FIG. 1. A drawing of the infundibular funnel and polar body of Mnemiopsis.
BS, body surface; E, excretory pore; F, infundibular funnel; M, muscles which
terminate in the body wall; P, polar plate; PB, polar body; S, sense organ.

FIG. 2. A drawing of a tentacular bulb of Mnemiopsis. T, a lateral tentacle;

TB, tentacular bulb; TC, tentacular canal.

FIG. 3. Drawing of a lateral view of Mnemiopsis. A, auricle; A C, adtentacular

meridional canal with swimming-plates; AT, adesophageal meridional canal with

swimming-plates; A U, auricular canal with plates; DA, adradial canals; 1C, in-

terradial canal; F, infundibular funnel with the polar body and sense organ above it;

L, lip; LE, edge of lobe; LO, lobe; M, mouth; PC, paragastric canal; 57", stomodeum;
SV, subventral meridional canal; T, lateral tentacle; TB, tentacular bulb; TC,
tentacular canal.
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Since the ini] ml-o which pass along the rows of plates are polarized,

while these ro\\> are in their natural position and orientation, tin-

proof of the permanency of this polarity, which would test also the

view of apical dominance, is revealed to some extent in the following

experiments. A \\edge->haped piece of the- mid-piece of either a single

row or a similar section containing two adjacent rows, was cut out.

rotated 180, and grafted back in the same location. Theadtentacular

rows \\etv cut and -ratted because of certain mechanical advantages.

MC

SW

AT

SV

Fn.. 4. A diagrammatic cross-section of Mnomnftsix in the region of the oral

t ilic adtentacular m\\*. .1C, auricular canal and platr: A I:, ,n li ent acular

meridional canal and plate; .If/', auricular ijroove: .17', ades< ipha^cal meridional

Canal and plate: I.R, laliial rid;j,e; ///', laliial trough; PC, para lias) ric canal: ST,
-toiiMidemn ; SV. sul)\ ent ral meridional canals; 7'. laieral leniacle; 7'C, tentacular

i anal.

I-'K;. 5. A diagram of a meridional canal lo show its association with the

swimming-plates. .!/('. meiidional i.inal; P. liranch of the canal to the base of a

plate; .S'll', su imminu plate.

I 'lie ends ol t he ro\\ s o( t he gral t s were pi. iced in contact \\ it h the ends

of the intact rows. In this neu location, the rows ot the gratis were

actly opposite, morphologically and according to their polarity,

in these characteristics ot the intart rows. The gratis were held in

place by strands of cotton for about two hours to permit sufficient

I hiring the healing period, the movement ol the plates

lithin the LM.ilt^ was not in harmony with the >\ nchronism ol the

other plate- of the body, though these were perfectly >vnchroni/ed.



APICAL DOMINANCE AND POLARITY IN MNKM lOl'SIS

The plates, however, in a single graft \\
-ere synchronized with ea< li

other and the direction of both their nielachronal and effective beat in.

was the same as before rotation. In grafts involving a single row of

Fu;. 6. This is a photograph of a living animal showing the result of rotating a

piece of an adtentacular row. A, the point where the row was cut near the apical

region; A 1

,
the end of the graft which was joined to the intact row at A. The row

between A and A 1 shows the regenerated row. C, the point where the row was cut

near the oral region; C 1

,
the end of the graft which was joined to the intact row at ('.

The row between C and C 1 shows the regenerated row. The row between A 1 and C 1

represents the rotated graft.

plates, this condition existed until the effects of healing and regenera-

tion gave the following result. Within thirty hours after the grafts

\vere made, a canal, regenerating from the end of each of the intact
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oral part and apical part, made connection with the corresponding

morphological end of the graft (Fig. 6). At this time, the heating of

the plates of the graft liecame synchronized with that of the other

plates. The rotated Drafts containing sections ot two adjacent rows

of plates responded in the following manner. The tips of the rows at

each end of the graft moved in touard each other. The ends ot tin-

intact ro\\ - .it the -raft region also moved toward each other. The

rows of plate- remained in this state, neither fusing with each other

nor iv^i m-rating. as in the case of the experiment- involving only one

Here again the nietachrouism and the effective beat of the

plates in the graft continued as had been established before the

AP MP OP

FK.. 7. .\ ilr.iuiiiL; fit ,i living animal \\hirh had us mid-section rotated ,inil

lied li.irk in |il.icc. .I/', apical |>icrc; .17', adiriit acular canal and plates; F,

inl'undilnilar funni'l; /., loin-; .17. mouth; .I//', mid piece; <>!'. oral piece; /'('. p.u.i-

.
.--I i ii canal; .S, sense organ; .ST", stomodeum; / (

, tentacular canal.

rot at ion ua- made. The total actions exhibited by 1 hesc graft- in the

m, 1 1 1 IT of independence ot plate movement were the same as t IK >se of a

-ingle, isolated piece, as reported by Coonfield (1
()14 I, who stated that

t lie plate- of an isolated piei e beat a- a coordinated unit.

'ini. i- riON

In order to lest further the problem ol apic.il dominance and the

-i.ibli-hed |)olariiy ol impulses \\itlnn the ro\\'s ot swimming-plates,

sel lorih in the pieicding section of this report, the following

imentS uere executed. The bod\- of M HClllio/'xis was cut across

t \\ice betueen the apical and oral ends, thus dividing the body into
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three parts, an apical, a middle, and an oral one (Fig. 7). The mid-

section was rotated 180 and then grafted in place between the apical

and oral sections. During healing and fusion, (lit- three pieces were

held together by strands of cotton and strips of filter paper. The

mid-piece contained only the parts of the rows of plates and the di-

gestive tract that are naturally in this region (Fig. 3). The apical

piece contained the apical organ, the funnel and infunclibulum with

the interradial canals, and the bases of the meridional canals under

the rows of plates. The oral piece contained the mouth, the tentacular

bulbs (Fig. 2), the lobes, the auricles, and the ends of the meridional

canals in the plate rows. Due to the severity of the operation and the

mechanical handicaps accompanying it, only a few of the experimental
animals lived. In most cases the oral piece of these operatees failed

to fuse, leaving only the apical and the mid-piece healed together.

Both the two-piece grafts and the three-piece grafts were retained and

observed.

The results obtained from those with the three parts healed

together are shown in Pig. 7. The mid-piece regenerated an apical

organ and a funnel with its canal connections. The stomodeum of

the middle piece fused with that of the apical piece. At the region

of the fusion, digestive tubes, with their mouths and lips, were re-

generated. The corresponding meridional canals of the two pieces

joined. The oral piece failed to regenerate an apical organ, but an

infundibulum with its canal connections was formed. This structure

fused with the infundibulum of the mid-piece (Fig. 7). Food, taken

in at the mouth of the oral piece, passed up its stomodeum and into

the same structure of the mid-piece. Also, in these experimental

animals, the swimming-plates of each piece behaved as though the

piece constituted an individual organism. Thus the metachronal and

the effective beating directions in the plates of the mid-piece in its

rotated position were opposite to those of the apical and oral pieces.

In all experiments wherein only the apical and the middle pieces

joined, the mid-piece regenerated an apical organ and an infundibulum

with its canal connections. The corresponding meridional canals and

stomodeum of each failed to fuse. These operatees subsequently
either separated or died.

TRANSPLANTING THE APICAL ORGAN

An apical organ (Fig. 1) of one animal was grafted to the body of

another animal, about midway between its apical and oral ends and

on the adtentacular surface. This transplant contained some of the
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funnel and the bases of the interradial canals. The grafts healed in

very quickly, and within two days the regenerating ends of their

interradial canals joined the adradial canals of the host. These new
canals developed new plates which, according to the directions of

their metachronal and effective waves, were coordinated by the

transplant. Some of these plates, due to their relationship to those

of the host and to their regulation by the transplant, beat in a direction

opposite to that of the respective rows of the host. Within ten days
after the transplant had healed in the host, it had been completely
absorbed. This absorption was a continuous one, lasting about four

days, during which time the transplant became less vigorous on each

succeeding day.

DISCUSSION

Any region of an organism which exerts a regulating influence over

body activities, such as growth, regeneration, and the transmission of

impulses or substances to other parts of the body, is regarded as

possessing physiological dominance. This physiological dominance,

according to Child (1928), may possess a correlative factor which

undergoes a decrement in intensity with an increase of distance from

the point of origin. Then a region of Mnemiopsis if it exerts a regu-

lating influence over the other parts of the body possesses a physio-

logical dominance. Such a region, the apical one, is located in a

depression at the aboral end of the animal. It contains a polar body

(apical organ) which lies just above the tip of the infundibulum.

This polar body (Fig. 1) is made up of the following visible parts.

1 . A concentration of lithic materials in the shape of a morula enclosed

within a bell-shaped capsule. This capsule is composed of fused cilia

(Mayer, 1912) and is supported upon four ciliated grooves which

connect each with an interradial canal. 2. A polar plate which lies on

the surface of the depression, surrounds the capsule, and extends to

either side of the capsule in the stomodeal plane. 3. A concentration

of nervous elements which radiate out into the plate rows. These

elements are thought to be responsible for the coordination of tin-

plate movements.

The swimming-plates of the eight rows of Mnemiopsis are syn-

chronized as a unit in their beating while the animal is in its natural

condition. This synchronism of the eight rows is rather significant,

-ince, according to Coonfield (1934), each row shows the higlu-M type

of unity in the animal. That these units arc- regularly brought under

the control of a particular region, presumably the apical organ, is

convincing in demonstrating that this organ is a region ol dominance.
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The feeding reactions show the presence of a secondary polarity

which is subjective to the primary one. This secondary reaction is

temporarily dominant during feeding, requiring the presence of food

as a stimulus. That this secondary polarity is not permanent is

shown by the temporary reversal of the swimming-plates in the

region stimulated. This reversal is rarely executed except during

feeding. Just after the food is taken into the mouth, the primary

polarity becomes dominant again and supercedes the secondary one.

The permanency of the polarity of the rows of plates, which I

believe supports the view of apical dominance, is shown very definitely

by the experiments in which the mid-section of a row was rotated and

grafted back in place. The polarity of the rotated section of row had

been so well established previous to the operation that it was main-

tained throughout the healing and regenerating period. This is

significant since in its new location this polarity was just opposite the

primary polarity of the body. The permanency of this polarity was

further demonstrated by the directed regeneration of the ends of the

apical and the oral parts of the row. Here the end of the apical

part was in contact with the oral end of the graft, but instead of fusing

with this physiologically opposite end, the apical part regenerated a

canal which avoided the graft until it reached the end with which it

had been originally in contact. The end of the oral part was in

contact with the apical end of the graft, but instead of fusing with it,

the oral part regenerated a canal which also avoided the graft until

it reached the end with which it had been in contact. The experiments

involving parts of two adjacent rows did not show any regeneration.

It is probable that the size of the rotated piece mechanically prevented

regeneration of rows. Despite the fact that regeneration did not take

place, the ends of the rows of the rotated piece did not fuse with those

of the apical or oral parts.

The experiments involving the rotation of the mid-section of the

body of Mnemiopsis confirm the interpretations of the experiments
cited in the preceding paragraph and show further that the apical

organ exerts a dominance over the other parts of this animal. This

additional evidence is brought out by the regeneration of an apical

organ at the aboral end of the rotated piece. Apical polarity had been

so firmly established in the body of the animal before the operation
that the apical end of the graft formed an organ even though it was

joined to the part of the body having an apical organ. I believe that

during the period between the cutting of the animal and the actual

fusion of the middle and the apical pieces the correlative factor had
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established a dominance in the apical end of the mid-piece. This

dominance promoted the regeneration of an apical organ. Further

indication of this correlative factor lies in the fact that the- oral piece

failed to form this organ. The oral piece fused with the mid-piece

and its regenerated infundibulum joined that of the mid-piece.

The fact that the transplant in the experiments involving the

transplantation of an apical organ behaved at first as an independent
unit is significant. During the first few days after the operation, it

maintained this unity. However, after four days, this unity of action

was less marked. This decrease in independence was carried to

completion within ten days, at which time absorption was complete.
This view of apical dominance is supported by Child (1917), who

found that in response to KCN treatment the cessation of rhythmic

plate-movement of Mnemiopsis occurred first at the aboral end of a

row. He reports further that, according to the relation between

susceptibility and general metabolic condition, the aboral end of a

row is the region of highest metabolic rate in this gradient, and from

this point, the- rate decreases in the oral direction. Hanstrom (1928),

in discussing the subepithelial nervous tissues of cnclenterates, believes

that the diffuse plexus is transformed into a longitudinal axis, and in

the ctenophores, this axis is connected with the apical organ. The

opinions of these two investigators are confirmed by the experiments
cited and discussed in this report.

CONCLUSIONS

1. Apical dominance in Mnemiopsis is indicated by each ol the

following: a. The plates of all eight rows are synchronous in their

beating, b. Following temporary reversal of the effective wave during

feeding, the original direction of this movement becomes reestablished.

c. Apical polarity within a single row persists even though a mid-

section of the row is rotated by grafting, d. A rotated mid-piece re-

tains its original polarity and regenerates an apical organ, e. A
transplanted apical organ retains its identity at first, but eventually

becomes absorbed.

2. The intensity of dominance in the normal animal decreases as

the distance from the apical region increases.

3. Apical dominance and its resultant effects account for the

various activities and en\ ironmental responses of the organism.
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DECOMPOSITION OF ORGANIC MATTER IN SEA WATER
BY BACTERIA

III. FACTORS INFLUENCING THE RATE OF DECOMPOSITION 1

SELMAN A. \\AKSMAN AND CHARLES E. RENN

{From the Woods Hole Oceanographic Institution and Department of Soil Microbiology,
New Jersey Agricultural Experiment Station)

The question has been raised by Krogh (1934a, b) and other investi-

gators, whether or not the organic matter in sea water can be utilized

by bacteria and can be broken down with the liberation of the con-

stituent elements in mineralized forms. It has been previously re-

ported (\Yaksman and Carey, 1935a and b) that the organic matter

in sea water is not in a resistant state, but can be readily atta'cked by
the bacteria found in natural water, when this water is placed under

favorable conditions. These investigations have further brought out

the fact that this organic matter is sufficient to support an active

bacterial population. The rapidity of decomposition of the organic

matter by bacteria is most conveniently determined by the rate of

oxygen consumption in the water and by the liberation of the nitrogen
in an available form; the latter process can best be measured in an

indirect manner, namely by the decomposition of a non-nitrogenous

organic substance, such as glucose, added to the water, since the

process of glucose decomposition was found to be controlled by the

concentration of available nitrogen or by the rate of its liberation.

It was thus calculated that about fifty per cent of the total organic

matter in the water is readily attacked by the bacteria, under favorable

conditions; of this decomposed organic matter, about sixty per cent

is completely oxidized and about forty per cent converted into bacterial

cell substance.

Among the factors influencing the rate and extent of decomposition
of the organic matter in the water, the following were found to be of

paramount importance: 1. The temperature of the water; the lower

the temperature, the smaller is the amount of organic matter decom-

posed in a given period of time or the longer does it take to bring

about the same degree of decomposition. When water taken in the

neighborhood of Woods Hole was placed at definite temperatures, in

'Contribution No. 78 from the Woods Hole Oceanographic Institution and

Journal Series Paper, Department of Soil Microbiology, N. J. Agricultural Experiment
Station.

472
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closed containers, the amount of oxygen consumed in 6 days, per liter

of water, was 0.26 cc. at 2 C., 0.83 cc. at 12, 1.39 cc. at 22 and
1.14 cc. at 34 C. 2. Abundance of available organic matter. This

was demonstrated by the fact that when wrater was filtered through
different types of filters, which tended to remove some of the suspended

organic matter, such as Seitz filters, the rate of decomposition of the

organic matter, as measured by the amount of oxygen consumed in a

given period of time, was considerably reduced. 3. The water mass

itself, as modified by distance from bottom, by its relation to photo-

synthetic zone, by latitude, by movements, especially oceanic circu-

lation and vertical mixing. In water taken from the Gulf of Maine,
the greatest oxygen consumption took place at a depth of 40 meters,
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FIG. 1. Influence of temperature upon bacterial development and oxygen
consumption in sea water.

while at Georges Bank, with greater vertical circulation, in the

water just above the bottom. 4. Concentration of available inorganic

nutrients; the influence of available nitrogen upon the decomposition
of carbohydrates has already been mentioned; certain preliminary

investigations also point to the significance, in this process, of available

phosphorus.

Influence of Temperature

In order to illustrate further the effect of temperature upon the

course of bacterial development and oxygen consumption, the results

of a detailed and controlled experiment are reported in Fig. 1. The

oxygen bottles were incubated under water. Although the maximum
rate of bacterial development was reached as 22 C., within 2 days,
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and at 4 C., within 7 days, the consumption of oxygen continued

even after that maximum was attained. The ratio between the

periods of maximum bacterial development at the two temperatures
was about 4:1. It is interesting to note that exactly the same

amount of oxygen was consumed at both temperatures when this

maximum was attained, namely 0.45 cc. per liter at 22 C. and 0.47 cc.

at 4 C.

Influence of Organic Compounds

The second experiment illustrates the effect of two different forms

of nitrogen upon the decomposition of a non-nitrogenous organic

substance (glucose) added to sea water (Table I). In all cases, the

TABLE I

Influence of nitrate and ammonia nitrogen upon the decomposition of glucose in sea water*

''.hicose
added
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decomposition of the organic matter in the water, even after 7 days,

to result in the oxidation of appreciable quantities of glucose; when

1.5 mgm. glucose was added per liter, the increase in oxygen consump-

tion was 0.59 cc.; with another 1.5 mgm. glucose, the increase was

only 0.22 cc., while the third portion of 1.5 mgm. glucose brought no

further increase at all. It is interesting to note that the oxidation

of glucose in 7 days resulted in an increase in oxygen consumption

just about equivalent to that which took place in the water itself.

The addition of 0.1 or 0.2 mgm. nitrogen to the water receiving the

glucose greatly increased the rate of its decomposition. The two

TABLE II

Oxygen consumption in the decomposition of amino acids in sea water by bacteria

Compound
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For the calculation of the amount of oxygen consumed per unit of

nitrogenous compound, the results obtained after five days incubation

were used. The increase in oxidation for the addition of 4 milligrams
of compound above the water receiving the 2-milligram portions was
used as basis of interpretation of the results. This experiment brought
out the fact that various simple nitrogenous compounds are readily

oxidized by marine bacteria in sea water; a half or more of the the-

oretical amount of the different compounds was destroyed in 5 days,

as measured by the amount of oxygen consumed; the rate of oxidation

of the various compounds was found to vary with their specific

chemical nature. These results tend to explain the rapid rate of

decomposition of zooplankton in sea water, as compared with that of

the marine alga.
1 (\Vaksman, Carey and Reuszer, 1933). Because

of the greater proportion of available nitrogen in the former, their

TABLE III

Influence of light upon bacterial development

Incubation
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TABLE IV

Rapidity of bacterial decomposition of freshly synthesized plant substances

477

Incu-
bation
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In order to demonstrate to what extent this freshly synthesized

organic matter can be decomposed by the bacteria in the water, the

above experiment was repeated. Some of the bottles, after exposure
to light for varying periods of time, were incubated, for a period of 5

days, in the darkness (Table IV). The synthesized organic substances

are found to be readily subject to bacterial decomposition, as shown

by the rapid reduction in the oxygen, when photosynthesis is excluded.

The results of two other experiments are reported in Table Y.

Sea water was placed in light and dark bottles and incubated directly

TABLE YI

Decomposition of organic matter in water from Gulf of Maine and Georges Bank, in

the spring
*
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Decomposition of Organic Matter in Sea Water at Different Seasons of

Year and at Different Latitudes

An attempt can now be made to interpret the results obtained on

the decomposition of the organic matter in sea water taken from a

group of stations, at different depths, and at different seasons of the

year. Water taken in the spring of the year from both deep (Gulf

of Maine) and shallow (Georges Bank) stations showed the largest

amount of rapidly decomposing organic matter at the surface, grad-

ually decreasing with depth (Table VI). The amount of oxygen
consumed in the presence of glucose was, on the average, just about

TABLE VII

Bacterial activities in the water of the Gulf of Maine in summer and fall

Date of sampling
of water
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bacterial multiplication in the water from those stations, kept in

closed bottles at a given temperature (18-22 C.) and for a certain

period of time (5 days), was determined. The water was filtered

through sterile sand filters, so as to eliminate the interference of

coarser material. The amount of oxygen consumed was reduced

appreciably by the filtration process, namely, in one test from 0.70

to 0.35 cc. per liter and in another from 1.26 to 0.74; this was due to

the fact that the readily decomposable larger diatoms, protozoans
and other forms of life were removed. The most striking result of

these experiments (Table YIII) is the poverty of the waters close to

TABLE VIII

Oxygen consumption in water taken from a series of stations from Cape Cod to Bermuda

ion

nun
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prcx ess removes a large part of the suspended and readily decomposable

organic matter in the water, thus modifying considerably the extent

of decomposition of the organic matter. This is illustrated in Table

IX. In the unaltered water, the organic matter decomposed readily

even at the lowest concentration of oxygen; in the Seitz-filtered water,

however, the amount of organic matter decomposed with a low oxygen

content was much less. With an increase in the concentration of

oxygen in the water, the rate of organic matter decomposition, although

remaining less in the filtered water, approaches that of the unfiltered

water. These results tend to establish certain facts: (a) the small

amount of organic matter removed by filtration through Seitz filters

undergoes rapid decomposition; (6) the oxygen tension required for

the decomposition of the organic matter passing through the filter

is greater; (r) the type of the bacteria developing on the organic

TABLE IX
Influence of oxygen tension in unfiltered and Seitz-filtered sea water upon bacterial

activities

Treatmc nt of water
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water from Gulf of Maine. Once a week, 1,200-cc. portions of water

were removed and placed in oxygen bottles; the amount of oxygen
absorbed in 7 days, by incubating the water in the dark, was then

determined. The carboys were well shaken every day so as to increase

the oxygen content of tin- \\atcr. The results (Fig. 2) slum that the

unfiltered harbor water gave the greatest amount of decomposition
and that the rate of decomposition of the organic matter in the water

was gradually reduced. The total amount decomposed in 6 weeks

per liter of water, in terms of oxygen consumed, was 1.64 for the

unfiltered harbor water, 1.1 (
) for the filtered harbor water and 1.24

for the Ciulf of Maine water.

23456
I I ME IX WEEKS

FIG. 2. Changes in bacterial numbers and oxygen consumption upon continued

decomposition of organic matter in sea water. Heavy lines represent oxygen
consumption; light lines, bacterial numbers. Heavy unbroken line, curve for

unfiltered water from Woods Hole; heavy broken line, curve for filtered water from
Woods Hole; represents curve for unfiltered water from Gulf of Maine.

SUMMARY

1. Investigations are reported on the decomposition of organic
matter in sea water placed under controlled laboratory conditions.

It has been found that, under these conditions, the organic matter in

the water, both in suspension and in solution, can undergo rapid

decomposition. It is <|tiite possible that a change in temperature,

resulting from the sudden warming up of the water, may bring about
not only an increase in the biological reactions, but also a change in

their very nature; this limitation need not invalidate the results

obtained, since these results are not a measure of what actually
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happens in nature under different conditions, but what may happen

under any one set of conditions.

2. The abundance of readily decomposable organic matter in sea

water was measured by the rate of oxygen absorption in the water,

incubated under uniform conditions. The rapidity of liberation of

nitrogen in the decomposition of the organic matter can be measured

by the rate of decomposition of glucose added to the water.

3. The amount of organic matter in sea water readily attacked by
bacteria varies with the rate of production of the organic matter,

with photosynthesis and with the water mass; at the surface of the

water, it falls off as one goes southward.

The authors are indebted to Mr. T. C. Cqrdon, for assistance in

making the oxygen determinations.
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THE KINETOCHORE OR SPINDLE FIBRE LOCUS IN
AMPHH'MA TRIDACTYLrM

FRANZ SCHRADER

(From the Department of Zoology, Columbia University, New York City)

In another place I have expressed the conviction that the mitotic

movement of chromosomes is closely associated or perhaps even de-

pendent on the activities of the kinetochore (Schrader, 1935). In

taking such a position I of course make no claim to originality, for the

belief that the kinetochore is of the utmost importance in mitosis has

become rather general in recent years, even though it is one that is

more often tacitly assumed than openly stated. Indeed Metzner

(1894), the first investigator to describe these bodies, already had a

very definite conception of their function, as his name "Leitkor-

perchen" signifies. That later investigators have invented terms of

their own may in some cases have been due to ignorance of Metzner's

work, but in others it was due to hesitation to ascribe to the structure

in question, without further evidence, the role that his term implies.

Thus we have beside Leitkorperchen, spindle fibre attachment (many

geneticists), Insertionsstelle (Belar and others), attachment body

(Schrader), spindle fibre locus (Metz), commissure (Lorbeer), kineto-

chore (Sharp), and many more.

If my own term, attachment body, merits justification I can only

say that I used it because I considered it a descriptive term which does

not carry the implication of function. 1

It merely denotes that special

region in the chromosome to which the spindle fibre or half-spindle

component is connected as seen in fixed preparations. However,

questions of terminology interest me so little that I am quite willing to

abandon this nomenclature and accept the term kinetochore, which,

even though it ascribes to this body a dynamic mle of which we have

no final proof, is a name that has been used by Sharp (1934) in a book

of wide distribution. It thus bids fair to become more generally

adopted (as it already has by several other botanists) and therefore to

do away with the present unprofitable confusion.

Perhaps my acceptance of Sharp's term is made easier by my belief

1 Professor C. \V. Met/-, of the Carnegie Institution, and I have spent a not

inconsiderable amount of time in discussing this terminology. His term, spindle

fibre locus, represents an attempt to preserve a noncommittal attitude concerning the

function of the structure involved.

isi
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that, even though no conclusive evidence for it is available, the

kinetochore is indeed intimately concerned with certain dynamic
processes of the chromosome. Such as they are, the foundations of

this belief may be stated quite simply. They are that if a kinetochore

is visible, it definitely serves as the chromosomal base for the con-

nection between the chromosome and the pole. Further, in following
the chromosome through a cell cycle, the kinetochore can be demon-
strated cytologically before there is any trace of the half-spindle

component (i.e. the connection between chromosome and pole).

Therefore even though an important role in the mitotic movement of

the chromosome be ascribed to the latter, it is not unfair to assume that

the kinetochore may be causally involved. As a third support for the

belief in a kinetic role may be regarded the fact that in the progress
from the equator to the pole it is the kinetochore region of the chromo-
some that leads the way. (But it should not be forgotten that the

cases of Sciara (Metz, 1933) and Micromalthus (Scott, 1936) provide
notable exceptions to this rule.) Finally, it seems definitely estab-

lished in at least some forms that the loss of the kinetochore (be it a

natural or experimental effect) results in the omission of the affected

chromosome from the division figure and brings about its elimination

from the process of orderly mitotic distribution.

In brief, the evidence is not final, but it serves as an adequate
basis for a study such as the present paper represents.

METHODS

The investigation was made principally on the testes of the am-

phibian Amphiuma tridactylum. The decisive observations were all

made on material fixed in Champy's or Benda's fluid, the latter pre-

pared with a very small amount of acetic acid (not exceeding one

drop). Other fixations served only a comparative purpose. Heiden-

hain's haematoxylin, strongly extracted, proved the best method of

staining for detailed study, but certain of my conclusions, as will

appear, involve such mitochondrial stains as those of Benda and Kull.

Sections were usually cut as thin as 4 ju, which unfortunately leaves

few of the nuclei entire but is advantageous for detailed study.

Through Professor E. B. Wilson's kindness I was enabled to study his

beautiful slides of the arachnid Opisthacanthus elatus, my findings con-

firming certain of his observations on that animal which pertain to my
present work.

FIRST SPERMATOCYTE

In the prophase period, the kinetochore cannot be demonstrated
with certainty until the late diplotene and early stages of diakinesis
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have been reached. At that time haematoxylin preparations, in which

the chromosomes have been destained so as to appear an even gray,

show the kinetochore as a darker body, not very sharply outlined

(Figs. 8, 9, 10). In Amphiuma, therefore, the kinetochore at this

time shows little or no trace of the achromatic properties that charac-

terize it in many other forms (McClintOck, 1933).

In the pachytene and diplotene stages preceding this I have been

unable to make a definite identification of the kinetochore, but it is

only fair to say that the chromosomes at these phases destain rather

unevenly (heterochromatin?) and that it may be a technical difficulty

of this sort that is here at fault. Further work involving other

techniques is evidently called for.

In the early stage of diakinesis already mentioned, two kinetochores

are present in each tetrad. It is to be noted that these are quite inde-

pendent of each other and that each is associated with a different pair

of chromatids (Figs. 8, 9, 10). But though the extreme degree of de-

staining employed in my technique allows of no detailed analysis of

these chromatids, the components of a given pair can be traced in

several cases and in none does the line of demarkation between them

extend to the kinetochore (Fig. 8). The latter is undivided though it

is associated in every instance with two chromatids.

Shortly after this period and at a time when the rapidly condensing,

diakinetic tetrads are no longer so closely associated with the nuclear

periphery, each of the two kinetochores carried by a tetrad shows a

double structure. The two bodies that then characterize each

kinetochore have the form of short rods, rather sharply outlined,

whose long axis is parallel to the long axis of the chromatids (Figs. 11

PLATE I

Drawings No. 1 to No. 6 made with Zeiss 2 mm. apochromatic objective (n. ap.

1.4), and 10 X ocular. No. 7 to No. 20, inclusive, with 15 X ocular.

1. First spermatocyte metaphase. Not all tetrads in section are shown. Benda

fixation and Kull stain. Chromosomes yellow, commissural cup colorless, spindel

spherules red, chondriosomes bluish red.

2. Late anaphase of first spermatocyte, with two spindle spherules in each dyad.
Benda fixation and haematoxylin stain.

3. Inter kinesis showing granules. Benda haematoxylin.
4. Early anaphase of second spermatocyte. Separating chromosomes showing

that here the kinetochores do not lead the way to the poles. Only one spindle

spherule in each daughter chromosome. Benda haematoxylin.
5. Late anaphase of second spermatocyte. Kinetochore now leading poleward

movement. Extraneous granules near the poles. Benda haematoxylin.
6. Second spermatocyte division, telophase. Benda haematoxylin.
7. Spermatogonial anaphase in the mouse. Champy fixation, Kull stain.

Chromosomes brown, kinetochores and centrioles red, chondriosomes bluish red.

Preparation made by A. G. Steinberg.
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and 12). Nevertheless, the region of the kinetochore as a whole does

not appear to be split, a fact which has some bearing on the analysis

of its structure.

With further condensation of the chromatids, these tiny rods seem

to shorten until in the fully condensed tetrad they appear as granules

or tiny spheres (Figs. 13-15). It is during this process that a light or

non-staining region comes to surround them, and I believe that it is

this latter area that is the most conspicuous portion of the kinetochore

in most other organisms. But whereas it is usually described quite

correctly as an achromatic band or commissure that extends trans-

versely through the chromosome, it appears in the Amphiuma tetrad

more as a notch. Whether this form assumed in Amphiuma is in

part the result of the bending and torsion of the tetrad I am unable

to say, but it seems likely that the explanation is not so simple.

Certainly the so-called secondary constrictions, which also appear as

transverse achromatic bands, can in the case of Amphiuma be traced

from an early prophase to final condensation of tetrads, and there is

no such alteration in form as that described for the kinetochore

(Fig. 15).

Indeed, a very careful examination of well-fixed material indicates

that, in the condensed tetrad at least, the form of the achromatic

portion of the kinetochore is not so much a notch as a rounded or cup-

shaped depression directing its open side toward the pole. The tiny,

intensely staining spherules already mentioned adhere to the inner side

of this cup, close to its bottom (Figs. 13, 14, 15).

The relation of the kinetochore to themitotic spindle is quite clearly

shown in some of my preparations. White (1035) has recently ad-

vanced some evidence convincing him that it is to the commissural or

achromatic portion of the kinetochore that the spindle fibre (i.e. the

half-spindle component) attaches. Hut as an examination of my
Figure 18 will show, this is not the case in Amphiuma. It is from the

tiny chromatic spherule that the half-spindle component takes its

origin and not from either the commissure or the kinetochore as a

whole. It follows therefore that where tetrads are concerned, each

half-spindle component has a double source, since two spindle spherules

are carried in each commissural cup. That these two, separately

arising spindle elements are themselves composed of finer fibrilhe and

that they usually join to make a single half-spindle component before

reaching the pole is implicit in what I have reported elsewhere

(Schrader, 1
(

>35). But though the spherules are clearly more directly

involved in the association \\ith the spindle, it is equally certain that

the commissural cup in which they rest forms an integral part ot the
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whole apparatus and that it is the commissural nip and the spindle

spherules together that constitute the kinetochore.

It is further evident that each of the spindle spherules is associated

with a chromatid. The complete tetrad as shown in MRS. 1 and 15

has four spindle spherules, two directed to each pole. Views in which

one chromatid is superimposed on the other likewise show super-

imposition of spindle spherules, as appears from several of my figures.

It is only when both chromatids are in face views that the two spindle

spherules of a given pair appear as distinct and separate as they

actually are.

The further history of the first spermatocyte shows no more than

what might be expected from the above. In the actual division, the

kinetochore leads the way toward the pole and the chromosome regions

farthest removed from the kinetochore are the last to leave the equator.

In late anaphases and in the telophase it becomes difficult to make out

the detailed structure of the kinetochore, but the two spindle spherules

associated with each half of the tetrad continue to stand out sharply

until the interkinetic phase is initiated (Figs. 1, 2 and 3).

INTERKINESIS

The period between the first and second spermatocyte divisions is

an aggravatingly difficult one. As the telophase chromosomes become

diffuse, there appear many darkly stained granules in the nuclear area

(Fig. 3). A little later, when the new nuclear membrane has formed,

most of these are peripherally placed. At first I worked on the

assumption that these granules are nothing more than spindle spherules

which temporarily sever their connection with the chromosomes during

this, period and become enlarged. But in spite of the wealth of my
material, I was unable to make a seriation of stages that might be

involved in such a process. The difficulty arises in several ways.

Thus certain granules quite extraneous to the chromosomes are present

in many telophases of both divisions (Figs. 4 and 5) and these are

almost certainly included in the nucleus. Since they vary in number,

a mere count is therefore useless. Nor can these last named granules

be differentiated from the others on the basis of dimension, for size

differences are too small and variable to be of any use. Since my
differential stains did not serve to make a distinction either, the

hypothesis was temporarily abandoned. It is quite possible that these

granules have nothing to do with the kinetochores and that the latter

cannot be seen during the interkinesis.
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THE SECOND SPERMATOCYTE

The kinetochores of the second division can be definitely recognized

shortly before final condensation of the chromosomes. At this time

the two chromatids are already quite clearly demarked from each

other. Each spindle spherule lies in a light area which in form

approximates the typical commissure more closely than does the corre-

sponding region of the first spermatocytes. Side views, however,

still show the notch-like configuration (Fig. 20). But although the

total number of spindle spherules has not changed between the first

spermatocyte telophase and the second spermatocyte metaphase, an

essential structural difference is to be observed in the fact that, instead

of one kinetochore with two spindle spherules (Fig. 2), we now have

two kinetochores each with a single spherule (Fig. 4). In short, tin-

division line between the chromatids now quite definitely extends

through the kinetochore. But conditions for detailed study are not

as favorable as in the first division and nothing further can be said

concerning the detailed structure of the kinetochore at this time.

In the initial chromosome movement toward the pole, the kineto-

chore does not lead the way as in the first division. Instead, the distal

ends of the chromosome move just as rapidly as the kinetochore

region, so that it is evident that we are here concerned with what has

PLATK II

All drawings except No. 16 made from preparations fixed with Benda and

stained with hsematoxylin.

8. Tetrad in early diakinesis showing kinetochore as a rather indefinite, dark

region.
9 and 10. Slightly later than preceding. Kinetochore becoming more definitely

outlined.

11 and 12. Middle phases of diakinesis. Kach kinetochore showing two spindle

spherules elongated in ihe long axis of the chromosome. Commissural region

beginning to appear as a lighter area.

M. Late diakinesis showing two commissural cups, each with two spindle

spherules (one pair superimposed).
14. Metaphase tetrad, one arm cut.

15. Tetrad in metaphase or early anaphase, showing commissural cups, spindle

spherules and one secondary constriction.

16. Tetrads in early anaphase, stained with Kull. Kinetochore appearing as red,

hemispherical region below a shallow depression in the yellow chromosome. Further

differentiation destains commissural part of the kinetochore and leaves spindle

spherules as red bodies.

17. Tetrad in early anaphase. Only one kinetochore shown.

18. Dyad in anaphase of first spermatocyte, showing relation of half-spindle

component to the two spindle spherules.
1'J. I'olar view of dyad in metaphase of second spermatocyte division.

ide view of dyad in second spermatocyte. Kach chromatid with one spindle

spherule.
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been so often interpreted as a mutual repulsion of sister chromatids

(Fig. 4). It is only toward the end of the anaphase movement that

the kinetochore once more takes the lead, indicating that the force of

repulsion becomes less effective as the distance between the chromatids

increases (Fig. 5). It is more than likely that the kinetochore func-

tions similarly in both spermatocyte divisions and that the observed

differences in the anaphase movement arise from the special conditions

presented by the tetrad formation of the first division.

In any case, the result of the second division is a telophase in which

each chromosome carries one kinetochore with a single spindle spherule

(Fig. 6). As this telophase group enters the diffuse condition prior to

sperm formation, granules, such as are encountered in the interkinesis,

once more appear.

SOMATIC AND SPERMATOGONIAL DIVISIONS

My material for an investigation of these stages is very limited.

Apparently the behavior of the kinetochore parallels that observed in

the second spermatocyte division. At metaphase, when the conditions

are most favorable for study, the line of division in the chromosome is

already present, and each half is provided with its own kinetochore.

This means, of course, that division of the latter must take place during

the prophase at the latest.

RELATION TO CHROMOSOME STRUCTURE

There seems to be a general tendency to regard the kinetochore

simply as a chromomere that has undergone certain temporary changes.

That view has been expressed recently by Lorbeer (1934) who says:

"There are examples from which it appears clearly that the kinetochore

(his commissure) is neither linin nor matrix, but a chromomere exactly

like any other chromomere ." The difficulty that I have experienced

in tracing the kinetochore through resting and prophases lends some

support to such a view, for in many forms the ordinary chromomeres

are likewise difficult to follow through these stages.

Nevertheless, I make bold to state that, if this is the origin of the

kinetochore, the changes that it has undergone are both extensive and

fundamental. Thus the ordinary chromomere has no structure

homologous to the commissural cup and the spindle spherule. Again,

even hamatoxylin staining shows that there are considerable differ-

ences in the staining reactions, for the spindle spherules remain in-

tensely colored after the rest of the chromosome structure has become

decolorized.
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But the most striking evidence for a special nature of the kineto-

rhore lies in its response to certain mitochondrial stains. After stain-

ing by the Benda method, the chromosomes are brown or amber

colored, whereas the kinetochore is violet. After Kull, chromosomes

can be brought out as yellow, while the kinetochore region is red or

pink. Nor is this red similar to that which characterizes the chondrio-

somes in the same cell, for the latter have a distinctly more purple

cast (Fig. 16). This red region seems to underlie the superficial de-

pression in the chromosome that characterizes the kinetochore and

affords additional evidence that the latter is not merely a superficial

structure.

A similar staining reaction has been reported already by Metzner

(1894) in the salamander. To be sure, by no means all the bodies

that he recognized as kinetochores were correctly identified, but his

pictures leave little doubt that at least in some cases he was not in

error. It is therefore plain that in spite of its ordinarily achromatic

properties, the commissural region of the kinetochore will respond to

certain special methods of dyeing.

With the Kull stain especially it is possible further to differentiate

the kinetochore so as to decolorize the commissural cup entirely,

leaving the spindle spherule a dark or intense red (Fig. 1). The result

is a striking one, although the optical definition for detailed study is

not as good as in a haematoxylin stain. But not a doubt can obtain

that these staining reactions mark the kinetochore as a highly special-

ized structure and that the spindle spherule has a decidedly more

pronounced reaction to the fuchsin of the Kull stain than has the

general commissural substance.

Such staining is encountered not only in Amphiuma, but also in the

spermatocytes of at least two widely different animals. One of these

is the arachnid Opisthacanthus elatus, in which Wilson (1931) reported

that after the Benda stain the kinetochore (his polar granule) appears

a clear violet on the brown background of the chromosome. This is an

observation that I can fully confirm and Wilson's drawing (his Fig. 29)

shows the conditions perfectly.

The other animal is the common mouse (Mus musculus), in which

the Kull stain brings out the kinetochore as a red body while the

chromosome is yellow (Fig. 7). The staining reaction in this case is

not a difficult one, and several of my students have been successful in

obtaining it (A. Greenberg, M. H. Slud, A. G. Steinberg, among

others).

It is, however, to be admitted that the size of the chromosome as

well as the kinetochore in both Opisthacanthus and Mus are such that a
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detailed study comparable to that made in Amphiuma becomes difficult

or even impossible. Nevertheless, they serve to show that my con-

clusions concerning the nature of the kinetochore in Amphiuma
probably have a broader application. Whether it is always of the form

that I have described is another matter. Thus it may be pointed out

that Sharp (1929), Nebel (1935), and White (1935), among others,

picture the spindle spherule as terminating a fine thread. Nebel

states, however, that such a form is probably the result of acid fixation

and that as the acid in the fixing fluid is decreased, the thread becomes

shorter and finally disappears. I attempted to test this conclusion.

but though in a sense my own findings support Nebel (since in them

the absence of a thread is correlated with little or no acid in the fixing

fluid), I was unable to obtain preparations in which the spindle spherule

shows any thread. Indeed, after strongly acid fluids my material

did not show the kinetochore at all.

TlIK KlNKKX IIOKK IN THE MlTOTIC C'YU.K

It will be noticed in my drawings of A mph innnt that after extreme

differentiation the centriole is so small as to be difficult to observe. 1

have found this to be the case even after the Benda stain, which in my
experience brings out the centriole better than any other. In Opistlni-

canthus, on the other hand, the centriole is quite conspicuous after this

stain, taking on a violet color that is much closer to that of the kineto-

chore than of the chondriosomes. Even without the rest ot my
evidence, these reactions would prevent me from proposing a chondrio-

somal nature for the kinetochore.

On the other hand, a relationship between the centriole and the

kinetochore might well be considered. To be sure, the staining re-

action just referred to offers but a fragile basis, but some additional

slight evidence may be derived from certain observations of Belar

(1929). He found that in the live chromosomes of Cliorthippns tin-

attachment region (the kinet ochore) ot the chromosome appears as a

clear spot, and I can affirm this for another species of grasshopper.

Unfortunately opportunity was lacking to study the living cells of

Amphiuma with this point in mind. Now, a clear or glassy character

has also been reported for the living cent Holes in at least two forms.

These are CEcanthus (Johnson, 1931) and Drosophila melanogaster

(Huettner and Rabinowit/, 1933), and again I can confirm the observa-

tion, this time on material prepared by these workers themselves.

I lowever weak, the evidence is therefore not against the hypothesis ot

some sort of a relationship between centriole and kinetochore.
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If there is such a relationship it may well be that in it lies the key to

the puzzle of mitotic movement. But with so little evidence I have no

intention of entering this old battlefield of hypotheses. I mention it

chiefly in order to state that the idea of such a relation underlies the

conclusions of some of my fellow workers, whether or not they are

conscious of it. I am referring especially to certain convictions con-

cerning the bouquet stage in the meiotic prophase, where, it will be

remembered, the leptotene threads show a definite orientation toward

a point on the nuclear periphery usually close to the centriole. It is

very natural to conclude that this movement must be attributable to

some type of rapport between centriole and kinetochores, and such an

assumption is implicit in the writings of several investigators, notably

Janssens (1924).

Confessing to a certain amount of sympathy with the view, I am
nevertheless constrained to point out that there is some weighty
evidence to the contrary. This derives from the very careful work of

such investigators as Gelei (1921) and Mohr (1916). Mohr, for

instance, has shown conclusively that in the leptotene polarization of

the long chromosomes of Locusta viridissima, where the kinetochore

must be close to median in position, it is the ends that are drawn

toward the centriole. In fact the kinetochore region is in this phase
as far as possible removed from the point of centralization.

By this same token it becomes questionable whether the polar

granule of Pinney (1908) and Wenrich (1916) is to be regarded as

identical with the kinetochore. Wenrich himself states (p. 64) that

the polar granule appears at the same end of each chromosome to

which the spindle fibre attaches, but he by no means commits himself

to the view that it is the polar granule that is instrumental in this

process of attachment. Indeed, he could hardly do so when it is

considered that within a few sentences of the above he notes his agree-

ment with the findings of Miss Pinney (1908) that in certain chromo-

somes similar granules also occur at the end of the chromosome opposite

that to which the spindle fibre attaches. On page 69 he declares that

the chromosome pair B "is characterized by the presence of large and

well-marked polar granules at both ends." Similarly, although the

"granules proximaux" that Janssens (1924) describes in the metaphase
chromosomes are certainly kinetochores, it is by no means certain

that these are identical with the granules to which he gives the same

name in the bouquet stage. In view of the evident importance of

these bodies a cautious attitude seems warranted.
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CYTOGENETIC ASPECTS

That the kinetochore plays an important role in the cell cycle is

sufficiently clear from its effects on crossing-over and chiasma forma-

tion. In Darlington's hypothesis (1932) concerning the meiotic

mechanism it is the kinetochore that is accountable for the fact that

division of the tetrads always occurs into pairs of chromatids. Such

effective singleness of the kinetochore also would support Darlington's

chiasma type and terminalization hypotheses "which demand that

the identical chromatids should remain together at the spindle attach-

ment, although nowhere else."

Nebel has recently (1935a) questioned this role that Darlington

ascribes to the kinetochore. His doubts stem from his discovery

that in the first meiotic anaphase of Tradescantia reflexa each pair of

chromatids (in the sense of Darlington) is provided with four Zugfasern
where the presence of even two would provide a definite objection to

Darlington's hypothesis.

Now, "Zugfasern" (Belar's traction fibres) are regarded by Nebel

as an attenuated form of the kinetochore, which is assumed during

meta- and anaphase. Hence the presence of two or more Zugfasern

indicates that the kinetochore has divided and therefore Darlington's

singleness of thai body does not hold.

In this connection I should like to point out again that the evidence

for Amphiuma strongly indicates that the kinetochore is a compound

body. In Amphiuma also, the first anaphase shows two spindle

spherules for every pair of chromatids, but it is clear that these are not

free to move independently of each other. They are held together

by the undivided commissural cup. Since I regard Nebel's Zugfasern

as equivalent to my spindle spherules, I do not consider that his

demonstration of their division and subdivision (which I do not

question for one moment) carries with it the proof that the kinetochore

as a whole has also divided. In short, Darlington's thesis does not

neressarih collapse in I lir l.u < <>l Nebel's fine evidence.

( )n the other hand, Nebel's implication that at metaphase each

chromatid (or chromonema) is provided \\ith a spindle spherule is

well substantiated by my findings. And further, the presence of four

spindle spherules for each Amphiuma tetrad, whereas eight are to be

encountered in the tetrad of Tradescantia, can therefore only support
Nebel's conclusion (19356) that there is a definite difference between

animals and plants with respect to the number of chromonemata

involved during meiosis (Nebel reports four for the orthopteran
Dissosteira and eight for Tradescantia}.
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SUMMARY

1. The kinetochore is a compound body composed of*a commissural

region and a spindle spherule, so far as univalent chromosomes are

concerned.

2. The half spindle component connects with the chromosome

through the spindle spherule.

3. Already during the diakinetic phases of meiosis, each tetrad has

two kinetochores which are distinct and separate from each other.

Each of these is provided with two spindle spherules, so that each tetrad

carries a total of four spindle spherules.

4. In the first spermatocyte division, the kinetochores lead the way
to the poles. The dyads resulting from this division each show two

spindle spherules until the resting stage is reached.

5. At metaphase of the second spermatocyte, each dyad is already

sharply differentiated into two chromatids or univalent chromosomes.

Each of these carries a kinetochore provided with a spindle spherule.

6. Aside from its structure, various staining reactions mark the

kinetochore as an organ quite distinct from the ordinary chromomere.

7. The possible relation of the kinetochore to cell mechanics is

discussed, and certain cytogenetic aspects are considered.
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